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PREFACE 

T HE moon is undoubtedly one of the driest places in all the universe, 
but the story of the moon is not at all dry. The slow groping of the 
ancients for knowledge of the heavens, particularly as it concerns the 
earth s nearest neighbor, has changed into the quick and lively period of 
modern astronomical progress. In olden times centuries might pass before 
a new bit of information was gained about the nature or motions of the 
moon. Nowadays new facts come tumbling out of the literature like au- 
tumn leaves in a brisk wind. 

The story of the growth of our understanding of the moon, its nature, 
and its history is a fascinating one. One of the purposes of this book is 
to retell this story of the knowledge of the moon gained by scientists of a 
great many nations from the earliest days to the present. The thread of 
continual progress may be clearly followed, but here and there arc ravel- 
ed portions where observers and theorists traveled false paths and drew 
false conclusions. 

In spite of, and sometimes because of, these detours the net result was 
that the natuie of the moon s surface and the history of the processes 
which have affected the moon have been more clearly pointed out. 

The major portion of the volume is not historical but is devoted to an 
extension of our knowledge of the moon based on new observations of the 
moon and earth and of old observations in a reorganized and reinterpreted 
form. The main conclusions are thus built on the foundations laid by un- 
numbered men who have gone before. 

In these conclusions is contained an attempt to describe and detect the 
means by which the primal moon developed to its modern condition and 
to date as closely as possible the epochs at which the major changes oc- 
curred. Numerous correlations have been made with recognized terres- 
trial data and processes. 

Our story, t hen, starts some thousands of years ago. In the first chapter 
these centuries are rapidly spanned. The major individual contributions 
are described and integrated into a picture of the moon which has been 
accepted generally by scientists. 
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It is, however, a very incomplete picture. Men have always debated 
the nature of the processes which have brought the moon to its present 
dilapidated grandeur, Hence, in chapter 2 we fly out If light-seconds, or 
240,000 miles, from the earth and examine in detail the lunar craters, 
mountain ranges, and lava flows. Even a very brief visit to the moon 
shows that unusual things have happened there, things not easily expli- 
cable in terms of ordinary terrestrial processes. 

This point was early recognized, and many astronomers ventured al- 
most as many theories concerning the nature of the moon’s surface fea- 
tures. The most important of these suggested mechanisms are discussed in 
chapter 3, ancl all but one are discarded as too improbable to warrant fur- 
ther investigation. 

The single process which offers promise of being the one which actually 
operated to build the moon’s surface structures is that of meteoritic im- 
pact. Meteorites travel very fast and have great kinetic energy. When one 
strikes the moon, this energy must be released suddenly and thus an ex- 
plosion occurs. If the meteorite is large enough and moving fast enough, it 
will carry sufficient energy to produce the equal of any crater now found 
on the moon. 

The fourth and fifth chapters are devoted to a discussion of modern and 
ancient meteoritic craters known to exist on earth. Old Mother Earth 
shows a rather pock-marked face, and this is just what we should expect 
if the moon’s craters are meteoritic in nature. The earth and moon would 
encounter nearly equal numbers of meteorites per unit area. Quite obvi- 
ously the earth’s atmosphere does not offer much protection against such a 
bombardment of larger masses even though it is a good shield against the 
more numerous smaller meteorites. 

The following three chapters analyze the impact theory in the light of 
observations on the forms and distributions of lunar craters, terrestrial 
meteoritic craters, and man-made explosion pits. It is concluded that the 
craters of the moon have exactly the right shapes and distribution to be 
explained as simple explosion pits and that the only known source of en- 
ergy great enough to produce the observed results is that carried by great 
meteorites. 

The existence and the possible effects of a lunar atmosphere arc next in- 
vestigated. It is clear that the moon now possesses no appreciable air and 
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that it probably never did have an atmosphere capable of seriously af- 
fecting the motions of the large meteorites postulated as having formed 
the main lunar craters. 

In the tenth chapter the history of the moon has been traced from its 
uncertain beginnings, two or three billion years ago, to the present. Its 
wild variations in distance are correlated with equally drastic changes in 
the lengths of day and month and also with the height of a tidal bulge in 
the body of the moon formed by the pull of the earth. Coincident with the 
recession of the moon was a slumping of the tidal bulge. The solidification 
of the moon while the tidal bulge was still over a mile high proves to be 
very significant, for it allows a dating of the origin of the lava flows, or 
maria, and the majority of the craters. These formations were generated 
very early in the moon’s history. 

In the eleventh chapter it is shown that even the maria and the great 
mountain ranges of the moon can be explained logically by metcoritic im- 
pacts and the resultant explosions. In the last and shortest chapter the 
possibility of meteoritic infalls on other planets is considered. 

In its entirety this book presents an internally consistent picture of the 
past history of the moon in which great numbers of meteorites, large and 
small, blasted craters in the lunar crust and induced other secondary 
mechanisms to operate. 

but, since the moon has always been the companion of the earth, the 
history of the former is only a paraphrase of the history of the latter. The 
prime difference is that on the moon the forces of erosion and water action 
and mountain building have not operated. On the earth they soon de- 
stroyed local surface structures, including meteoritic craters. The study 
of the moon thus gives us a mirror throughout all time with which to study 
our own earth. 

I lie vista opened up in this manner is exhilarating in its magnificence, 
yet it also contains a disturbing factor. There is no assurance that these 
meteoritic impacts have all been restricted to the past. Indeed \vc have 
positive evidence that meteorites or asteroids of the requisite size still 
abound in space and occasionally come close to the earth. 

The explosion which formed the crater Tycho on the moon left us an 
interesting object to study. A similar occurrence anywhere on the earth 
would be a horrifying thing, almost inconceivable in its monstrosity. 
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PREFACE 


The story of the face of the moon, is a page of history still being written, 
but its writing covers so vast a period of time that in man’s brief existence 
the action seems to be stopped. 

Not only is this story that of a nearly dead body 240,000 miles away, 
it is also the story of our own earth, 

R. B. B. 


East Grand Rapids, Michigan 
February 1948 
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CHAPTER 1 


Scientists Look 
at the Moon 

F OR a thousand millenniums primitive man watched the moon, Pre- 
sumably he used it as a timepiece; certainly it aided him by furnishing 
light. Sometimes he may have worshiped it as a god or goddess whose 
favors could be sought or whose angers could be propitiated by appropri- 
ate prayers and sacrifices. Questions regarding the moon's true nature and 
condition probably were never asked until late in man’s evolutionary de- 
velopment. 

As the human race gradually emerged from the abyss of ignorance, a 
considerably greater attention was paid to natural phenomena, and crude 
measurements were made, often, it must be admitted, for religious or po- 
litical reasons rather than in the scientific spirit. 

Perhaps the earliest recorded astronomical occurrence was an eclipse 
of the sun observed by the Chinese in the year 2158 me. The oldest science 
was not young even then. The Chaldeans, possibly before the time of 
Abraham, about 2000 n.c,, and certainly before 1000 me,, knew of the 
saros period 1 and also believed that the earth was spherical. The informa- 
tion about the saros period eventually migrated to Greece, for Thales, ac- 
cording to Herodotus, used it to predict an eclipse in 585 n.c. 

Throughout the twenty centuries preceding Christ and on to the inven- 
tion of the telescope the knowledge of the nature of the moon and of the 
lunar motions was slowly developed. The earliest scientific work concerned 
the motions of the moon and their effects on the calendar. In the last three 
centuries before the Christian lira the early Greek philosophers came to 
the fore and astronomy became a favorite field. The general resemblance 

l. The sums period con Linns eighteen years 11 J days (I0J days if there happen to be live 
leap years on the modern reckoning in the interval). In the sums period the moon makes 223 
synodical (6,585.32 days), 239 anomalistic (6,585.54 days), and 242 nodical (6,585.78 days) 
revolutions; therefore after this period eclipses repeat themselves in order except Llmt their 
tracks arc si lifted about 1 20° westward on the earth, 

1 
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in the nature of the moon to that of the earth was realized by many of the 
principal philosophers although probably not by the mass of the people. 

Among the writings of Anaxagoras (l) 2 (500-428 B.c.) we find, “The 
sun places the brightness in the moon.” “The moon is eclipsed through the 
interposition of the earth.” “The sun is eclipsed at new moon through the 
interposition of the moon.” 

Apparently, however, human nature as well as human curiosity has not 
changed in over two thousand years. Anaxagoras was accused of impiety 
for his outrageous beliefs; he taught that the sun was only a red hot stone 
and that the moon was made of earth, and for holding this doctrine he was 
banished from Athens. 

In spite of the punishment meted out to Anaxagoras other learned men 
persisted in studying celestial phenomena and objects and reached an 
amazing level of knowledge. 

Democritus (459-370? b.c.) held that the lunar markings, many of 
which are easily visible to the unaided eye, are caused by great valleys and 
mountains on the moon’s surface. This may be contrasted with the belief 
held by many medieval scholars who felt that the moon was a great mir- 
ror, suspended in space, reflecting the surface features of the earth back to 
us. Democritus also showed his breadth of vision and imagination by ad- 
vocating a theory which stated that all matter was composed of individual 
atoms, hence implying a quantitative rather than a qualitative character- 
istic to nature. 

Aristotle (384-322 b.c.), after proving abstractly that the earth is 
spherical, says, “The evidence of all the senses further corroborates this. 
How else would eclipses of the moon show segments as we see them? . . . 
since it is the interposition of the earth that makes the eclipse, the form of 
this line (the earth’s shadow upon the moon) will be caused by the form 
of the earth’s surface, which is therefore spherical (2).” By continuing in 
this vein he showed from considerations based on phases and eclipses that 
the moon must he a sphere always turning the same face to the earth. Sim- 
ilarly he deduced that the moon is nearer than the planet Mars because the 
latter was occasionally occulted by the moon. 

Thus at least twenty-four hundred years ago the ancient philosopher- 
scientists, working with the unaided eye and unfettered intellect, had 
come to the conclusion that the moon was a planet, was a globe composed 

2. These numbers refer to the Bibliography on pp. 227-32. 
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SCIENTISTS LOOK AT THE MOON 

of rocks like those of the earth, was marked with great valleys and moun- 
tains, and revolved around the earth at a moderate distance. They also 
recognized that the moon rotated on its axis once in its period of revolution 
and that this was why men were privileged to see only one side of their 
lunar companion. 

With the advent of the Alexandrian school of Greek philosophers, an- 
cient astronomy developed rapidly. Improved instruments were used, and 
extended systematic series of observations were made. Aristarchus of 
Samos (320-2S0 b.c.) antedated the world-famous Copernicus by eighteen 
centuries, and yet he, too, was especially distinguished for proposing a 
heliocentric theory of the solar system, then known to comprise the sun, 
Mercury, Venus, earth, Mars, Jupiter, Saturn, and the near-by moon. 
Aristarchus made serious efforts to measure the distances from the earth 
to the sun and moon. His reasoning was perfect, his instruments less so, 
and therefore he obtained an entirely inadequate value for the former; 
but the relative distance to the moon was established, with an error of 
only 7 per cent, to be fifty-six times the radius of the earth. Strangely 
enough, he found an apparent diameter of 2° for the moon, four times the 
true figure. 

The work of the mathematician Eratosthenes supplemented that of 
Aristarchus. By observing the angular difference in zenith position of two 
places on earth at a known distance apart, he found a radius of 5,000 
miles; 3 from other considerations he determined that the sun was 
100,000,000 miles away, only 7 per cent too far. His value for the lunar dis- 
tance was considerably too small, only 98,000 miles. 

Hipparchus (190-120 b.c.) was perhaps the greatest of the Greek as- 
tronomers. His precise observations carried the theory of the moon’s 
motion to a new perfection. He discovered that the relative motion was 
not a circle but was an oval. Without the formulation of the law of gravi- 
tation he made the reasonable error of assuming that the eccentricity of 
motion was caused by the earth’s being situated eccentrically rather than 
in the exact center of the moon’s circular orbit. Hipparchus also measured 
the inclination of the lunar path to be 5° to the plane of the earth’s orbit 
around the sun and the period of the revolution of the line of nodes to be 
eighteen and two-thirds years, much as we know them to be today. 

3. Most probable figure. The units used by Eratosthenes are not adequately known, hence 
our knowledge of the distances he found are correspondingly uncertain, 
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l 1 or the first time the existence of the lunar parallax was realized, and 
from it Hipparchus determined the moon’s distance to be fifty-nine radii 
of the earth and its diameter to be 31/, values given with almost telescopic 
accuracy, 

Ptolemy (100-170 a ,d.), last of the great ancients, went far beyond Hip- 
parchus in the accuracy of his determinations of orbital constants, but his 
measurements of the lunar distance and diameter were less accurate. The 
major part of his error resulted from his use of the far too small radius of the 
earth deduced by Posiedonius. 

There the development of our knowledge rested. Like so many other 
fields of human endeavor, progress in astronomy is never continuous. Pe- 
riods of wondrous accomplishments are succeeded by stagnant eras, as if 
the race of scientists were resting and gaining strength for a new assault 
on the citadel of learning. 

Ihis pause lasted for the fourteen centuries until Tycho Brahe (1546— 
1601 A.D.) . 1 his celebrated observer again set the scientific mind into ac- 
tion. Among his other accomplishments he greatly improved the state of 
knowledge of the motions of the moon, but his prime contribution was the 
gathering of a great mass of observational data which proved to be vital 
to the progress of the next century. 

Ihe science of astronomy was, however, mainly empirical until three 
men touched ofl the fuze of an observational and theoretical bombshell 
which blasted mankind out of the doldrums of the Dark Ages. Kepler 
(1571-1630) formulated his famous three laws of planetary motion, and 
Newton (1642-1727) explained them as natural consequences of his equal- 
ly famous three laws of motion and of the law of gravitation. The last was 
itself verified from observations of the moon’s motions. Galileo (1564- 
1642) first applied the telescope to the investigation of the heavens, 

The great triumvirate completely revolutionized the scientific world, its 
concepts, its mode of thinking, and its approach to scientific and technical 
matters. Without the work of the ancient astronomers, even though parts 
of it were temporarily lost or disbelieved during the medieval ages, much 
of the scientific renaissance would have been delayed. Without the ad- 
vances of Kepler, Newton, and Galileo it would have been impossible. Our 
modern information about the universe dates primarily from their basic 
work. In this particular case the knowledge of the motions of the moon and 
their evaluation, the major physical facts such as the mass of the moon 
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and its dimensions, are our inheritance from Kepler and Newton. The 
study of the lunar surface is made possible by the “optik tube” mid its 
descendants. 

Knowledge of any phase of astronomy is very like a beautiful cathedral. 
It is built slowly and carefully over a long period of time. Each worker 
adds to the foundation stones laid by those who have gone before. Some 
men make glorious stained glass windows. Others mix mortar. In the case 
of the story of the moon much has been done; much more remains to be 
done; the building can never he completed. 

The early naked-eye observers of the moon had long realized that there 
were irregularities on its surface. The southern cusp was occasionally 
blunted (by the crater Clavius), and the great range of mountains now 
known as the Apennines caused a very noticeable bulge of the terminator 
near either quarter-phase. Rarely was the sunrise or sunset line smooth. 

In 1610 Galileo’s tiny telescope first brought the moon apparently close 
enough so that it coulcl be easily studied. In spite of relatively poor defini- 
tion, the strange craters and walled plains were seen and the great arcuate 
mountain ranges, different in character from any on earth, stood forth 
boldly. Galileo made a few preliminary sketches and then attempted, 
rather unsuccessfully, to map the visible surface. He had no micrometer; 
all sizes and relative positions of objects were obtained from eye estimates. 
Nevertheless his map was accurate enough to enable him to discover the 
moon’s libration in latitude. He recognized that a diurnal or parallactic 
libration must exist because of the relative shift in position of the observer 
and the moon as the earth rotates. A libration is an apparent oscillation of 
the moon which allows an observer to see a little farther around one limb 
or another than is usually the case. 

Galileo made the first crude efforts to measure lunar heights by estimat- 
ing the distances beyond the terminator at which the various peaks were 
still in sunlight. The value derived, 5 J miles, or 28,000 feet, is considerably 
too great for any objects he could measure in this way. 

Langrenus, astronomer at the Spanish court, made numerous drawings 
of sections of the lunar surface between 1620 and 1640 and apparently was 
the first to name particular markings. He identified them by the names of 
prominent men, but the lack of wide publicity and the fact that Hcvelius, 
great astronomer of Danzig, rejected this nomenclature, caused Lan- 
grenus’ work to be forgotten. 
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Hevelius in 1647 issued the first satisfactory map of the moon. 4 It desig- 
nated 250 formations by names of familiar terrestrial objects. His tiny 
telescope, magnifying only thirty to forty diameters, allowed him to pro- 
duce this chart which was a standard for over one hundred years. 

This great scientist also adopted Galileo’s method of determination of 
mountain heights and found some in the Apennines and Caucasus to be 
17,000 feet high, very close to the truth. 

Riccioli, the Jesuit of Bologna, in 1651 issued another map of the moon, 
somewhat inferior to that of ITevelius, but his prime contribution was the 
overthrow of the ITevelian system of names according to terrestrial anal- 
■ °gy the substitution of names of great men of the seventeenth and 
earlier centuries, Many of these men had contributed not one whit toward 
the development of our knowledge of the moon. Riccioli himself and his 
assistant Grimaldi are immortalized by great craters near the east limb. 
Nevertheless, in spite of some drawbacks, most of these names are in use 
today. Riccioli retained the term “mare” (from the Latin word for “sea”) 
from the Hevelian system. The reform attempted later by Gruithuisen, 
who called them “surfaces,” has never taken effect. Six of Hevelius 1 
names are still retained, the Alps, the Apennines, and four promontories. 

In 1687 the Principia, Newton's masterpiece, appeared, containing bril- 
liant investigations into the ramifications of the celestial applications of 
the law of gravitation and the laws of motion. In this manuscript was a 
discussion of the form of the moon on the assumption that the earth's 
present gravitative pull had distorted the moon into an isopotential sur- 
face. He found a theoretical elongation of the radius toward the earth of 
186 feet. This form of the moon s figure was held accountable for the iden- 
tity of the lunar day and month, as a tidal couple would be set up auto- 
matically to keep the bulge closely lined up with the centers of the earth 
and moon. In chapter 10 it will be shown that the moon’s bulge is actually 
much greater than Newton predicted. The physical reason for this dis- 
crepancy allows us to date rather accurately the time when the craters and 
maria were formed. 

4. Early maps of the moon : Galileo, 1(310; Lagalla, 1612; Schemer, 1614; Malapert, 1619; 
Mel lan, 1634; Gassendi, 1640; Rhcita, 1645; Langrenus, 1645; Fontana, 1646; Hevelius, ' 1647* 
Eiccio li-Grimaldi, 1651; Kircher, 1660; Montanan, 1662 (based on a primitive micrometer lie 
invented); Cassini, 1680; Tobias Mayer, 1775 (posthumous); Lohrmann, 1824 (partial chart)* 

Beer and Mitdler, 1837; Schmidt, 1874; Ncison, 1876; Nasmyth and Carpenter, 1874; Eiger, 
1895. 1 * 
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During these years and subsequently, great mathematicians attacked 
the problems of the motions of the moon, but for many years little was ac- 
complished to aid in the understanding of the physical nature and history 
of the moon. 

In 1764 Lagrange’s memoir (3), which won the French Academy award, 
showed that the moon’s shape must be that of an ellipsoid, as the polar 
diameter must be compressed by an amount equal to one-third of the ex- 
cess of the greatest axis, that pointing toward the earth, over the mean. 
He also proved that the earth’s attraction on the moon would have sufficed 
to force the satellite always to present one face toward its primary even if 
it had not done so originally. 

Laplace (4) recomputed the theoretical tidal bulge of the moon and 
found it to be 425 feet, much larger than the values Newton and Lagrange 
had derived, but much smaller than the actual bulge later proved to be. 

Laplace was also responsible for developing the nebular hypothesis 
(1796), first suggested by Kant in 1755, a mechanism to account for the 
origin of the solar system and, incidentally, the moon. It postulated a 
gravitational contraction of a huge slowly rotating mass of gas, the primal 
sun, and the sloughing-off of equatorial rings of gas which later condensed 
into planets. Repetition of this process formed the satellites, including the 
moon. This idea was accepted for many years but finally had to be dis- 
carded when it was demonstrated that a ring would not coalesce into a 
single planet, but into many planetoids, and that there was no known 
way of accounting for the present distribution of angular momentum in 
the solar system. 

In 1791 the Selenolo pographischc Fragmcnte was published by Schroter 
of Lilienthal. This was the first major attack on the nature of the lunar sur- 
face details and represented seven years’ work. The second volume ap- 
peared in 1802. 

Schroter was the first to measure lunar heights by means of the lengths 
of their shadows, the same method as is used today. His results, while 
good, were systematically overestimated; his rough measures of crater 
diameters were scarcely better than good guesses. 

Sixty of the names of structures given by Schroter in expanding Ric- 
cioli’s list are retained. He also introduced the system of identifying small- 
er objects by the letters of the Greek and Roman alphabets. 

A great deal of Schroter’s efforts were spent in trying to establish in- 
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stances of real changes on the moon, As he did not perfectly realize the 
great influences of variations of illumination, libration, and earthly at- 
mospheric conditions, he believed that he had found many such points of 
real change, but in all probability these were entirely optical, 

Among Schroter’s discoveries was the finding of many rills, the crack- 
like formations which are so . numerous near the edges of the maria, al- 
though they are found over much of the surface. These rills, some of which 
are several miles across, are intimately associated with the birth processes 
of the maria. The latter are, of course, great lava flows. 

Schroter lived to see his observatory, library, and unpublished observa- 
tions wantonly destroyed by Are by the French under Vandamme in 1813. 
His life wrecked, lie lived but a few years, 

In the years 1819 and 1820 Nicollet made a series of thirty-two meas- 
ures of the position of the crater Manilius at different librations and drew 
the interesting conclusion that the moon’s figure was not a figure of equi- 
librium, such as it would have assumed had it been liquid. He compared, 
of course, his derived result with the equilibrium form of the moon at its 
present distance as computed by Newton, Lagrange, and Laplace. 

Poisson pointed out that this conclusion rested on imperfect data, and 
Nicollet agreed that the problem should be reinvestigated. Much later 
Franz (5) and Saunder (6) independently did re-examine the problem and 
corroborated Nicollet’s conclusion. 

In 1837 Beer and Madler gave to the world the results of seven years’ 
study. Their book, Der Mond , and its chart, “Mappa Selenographica,” 
contained an almost unbelievable amount of information on the details of 
the lunar surface. 

Diameters of 148 craters were measured micrometrically by Madler, 
and some approximate measures on less important objects were given! 
Madler also measured the height of 830 lunar peaks and crater walls by 
Schroter’s method. In addition, they named nearly 150 new formations, 
using principally the names of prominent scientists who arose after Ric- 
cioh. Several mountain ranges were named, according to Hevelius’ system, 
after terrestrial mountain ranges. 

Neison (7) comments: 


necdon wm, 1 B ”?. and fine work the questions in con- 

solved\d h n T ‘ T ‘“"I ° f thC m00n wcrc orally regarded as finally 

’ P T WpS t le exccpt1011 of sonle ot tlle obscurer phenomena which appeared 
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likely to baffle all explanation, such as the great ray or streak systems and the rills and 
clefts; but it was generally regarded as demonstrated that the moon was to all intents 
an airless, waterless, lifeless, unchangeable desert, with its surface broken by vast 
extinct volcanoes. With this opinion prevailing, the natural effect of such great works 
as Beer's and MttdLcr’s speedily ensued, the attention of astronomers was directed to 
other fields, and Selenography resting on its laurels made no further progress for many 
years. 

It seems strange that the publication of one book, however carefully its 
material was prepared, could almost completely paralyze for one hundred 
years the study of the moon by professional astronomers. Beer and Madler 
used a refractor of inches aperture. 

Schmidt (8) of Athens in thirty-four years measured and described 
32,856 craters and many other objects— a great and useful piece of work 
which resulted in the publication by the Prussian government in 1878 of a 
map 75 inches in diameter. For this map Schmidt made over 1,000 draw- 
ings. As only 59 per cent of the surface of the moon is visible, there must 
be, proportionally, about 60,000 craters on the entire surface which would 
be visible in small telescopes. Many of his measures of crater dimensions, 
which have aided greatly in setting up important correlations with terres- 
trial types of craters (chap. 7), are included in Table 4. 

Schmidt and others have pointed out several cases of supposed change 
on the lunar surface, but only at the crater Linne on Mare Serenitatis is 
there any valid reason to accept the change as real. Many astronomers do 
not agree that any change lias ever been proved. 

In 1850 Bond made the first photograph of the moon by the old da- 
guerreotype process. The subsequent evolution of lunar photography is a 
brilliant facet on the diamond of technical progress. 

In 1879 George II, Darwin’s monumental contribution, the mathemati- 
cal treatment of tides, appeared. In this exhaustive work was incorporated 
a bold suggestion which has had and which will continue to have impor- 
tant effects oil our understanding of the moon and its history, It had been 
known for many years that the moon apparently was accelerating in its 
motion, and astronomers had come to realize that this speeding up applied 
to the other bodies of the solar system as well, and hence it could be due 
only to a decrease in the rate of rotation of the earth. An increase in the 
length of the day meant a loss of angular momentum, but angular mo- 
mentum could not be lost, it could only be transferred. What actually was 
happening was that the tidal interaction of the earth and moon was grad- 






*“■ *' Thc »»alysis of light from the moon. Upper left: Measured temperatures lit full moon 
(Pettit and Nicholson), Upper right: Temperature variations — eclipse of June 14, 1927 (Pettit), 
Lower left: The variation of the moon's brightness with phase (Watson [13]). Lower right: Per- 
ccntngu plane polarization vs. phase angle (Lyot). 
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ually slowing the rotation of the earth and driving the two bodies farther 
apart, hence maintaining the constancy of the angular momentum in the 
system. 

Darwin extrapolated this process into the past and found that the moon 
once was close to the earth and that the day and the month were then 
equal at about four hours. Therefore the solar tide on the earth had a pe- 
riod of two hours, since there are two tides per day. By a remarkable coin- 
cidence the slowest natural vibratory period of the earth was also about 
two hours. Darwin made the reasonable, yet bold, assumption that the 
resonance of tidal and free vibration in a liquid earth had resulted in the 
birth of our moon, and this theory was widely held for fifty years. It 
finally was overthrown when Jeffreys (10) showed that internal friction in 
the liquid earth would have been too great to allow the resonance bulge to 
grow to the size where a fission process could occur. It is probable, there- 
fore, that the earth and moon were always separate and distinct bodies. 

According to Roche (11), if the earth and moon were always separate 
bodies, the moon could never have approached the earth, center to center, 
to a distance less than 2.44 radii of the earth, provided, however, that the 
two masses were homogeneous and of equal density. Actually both are 
denser at the center, and the moon is much less in average density than the 
earth. Therefore the moon can never have been closer than 2.87 radii of the 
earth, or about 11,000 miles. If it ever were closer than Roche’s limit, the 
moon would have been broken into fragments because of the great tidal 
distortion. 

All the knowledge we have about the moon comes from analysis of the 
light it sends us. Zollner (12) has computed, from the measured amount of 
light received from the moon at different angles, i.e., different portions of 
the lunar surface at a given phase, that the average slope of the materials 
composing the moon’s crust is 52° from the horizontal in the brighter or so- 
called "continental” regions. 

It is a well-known fact that on earth the angle of repose for most sub- 
stances is between 30° and 40°. For example, the angle of repose for 
crushed limestone, iron and copper ores, and similar materials is about 37*, 
while for Lake Michigan sands it is about 35°, For a lesser gravity, such as 
would obtain on the moon, the angle of repose would be larger, but not 
greatly so. 
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The measured angles of the great slopes on the moon are all relatively 
small. Consequently, the average value of 52° implies a reflection from a 
rough, loose surface of cracked stone, not sand, or a surface of steep, 
rough, and vesicular lava. The smooth and darker color of the maria indi- 
cates that the sharp angularity of the uplands is not repeated, at least on 
as wild a scale. 

The importance of these observations is evident, for the nature of the 
lunar crust was largely determined by the forces which have acted on it 
since it first solidified. 

Over small phase angles near full moon the magnitude (brightness) of 
the moon changes uniformly with phase angle. The average value (13) 
over the same phase angles for thirty-four asteroids is 0.030 magnitudes 
per degree; for the moon it is 0.028 and for Mercury it is 0.032. Mars, 
Venus, and the earth, which have atmospheres, have similar values around 
0.015. 

Polarization measures, done at Meudon (14), show that when the frac- 
tion of the moon’s light which is polarized is plotted against the angle of 
vision, a characteristic curve is obtained which is found to be similar to 
that given in the laboratory by a surface covered with a mixture of vol, 
canic ash. The proportion of the light polarized does not suggest a lava 
surface in the brighter regions. It varies inversely with the brightness of 
the portions of the moon which have been examined. The maria give con- 
sistently higher values than do the “continental” regions. 

It is reasonable to expect that dust and small fragments produced by 
mctcoritic impacts would give results identical to those of volcanic ash. 
In both cases it is necessary to assume that only the lower portions of the 
surface are dust filled and that the main apparent features are clue to the 
exposed rock itself, even though it may be extensively jointed and frac- 
tured, Probably the form of the surface matter is more important in pro- 
ducing polarization effects than the composition. 

The plane polarization of light varies markedly with lunar phase angle. 
For tlie maria there is a maximum polarization at phase angles 100°- 1 10° 
and at 280°~2 ( X)°. The peak values range between 10 per cent and 16 per 
cent for different maria. There is zero polarization at 22°--23° and at 327°“ 
328°. At 0° (full moon) there is a slight negative polarization, around 1 per 
cent, Lyot lias found a similar effect for terrestrial objects. 

In the mountainous regions there is an identical variation in the per- 
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centage of plane polarization, in phase with the curves from the maria, 
but of one-half the amplitude. 

It is known from laboratory work that dark opaque rocks and other sub- 
stances polarize light more or less completely at certain phase angles. 
Light-colored rocks and materials into which light can penetrate even for 
short distances and be reflected polarize light relatively little. 

As an interesting side light it may be mentioned that Lyot finds the po- 
larization of the moon, Mercury, and the asteroid Vesta to be essentially 
the same. Since, in all probability, we cannot assume that Vesta is covered 
with volcanic ash, it seems likely that there are considerable quantities of 
meteoritic dust and associated fragmental materials on this tiny body. 

Parallel to the measurements which have been made on polarization ef- 
fects are the determinations of temperature variations on the moon from 
the amount of heat it radiates. This problem is an extremely complex one, 
for it involves the elimination of reflected light, the proper calibration of 
the heat-receiving instruments used, and the measurement of the lunar 
radiant energy. Because of the lack of a dense atmosphere, it is clear that 
wide temperature ranges over the moon’s surface are to be expected as a 
function of the altitude of the sun. 

Lord Rosse, with his large reflector, was the first to make a serious ef- 
fort in this direction. He found that the lunar equator, three days after 
full moon, showed a range of temperatures from 200° C. (392° F.) to 75° C. 
(167° F.). As these values are systematically high, it is probable that he 
did not succeed in completely separating the reflected and the radiant 
light. 

Langley later denied these results, finding that the surface temperature 
never rose above freezing, while it often dropped to —200° C. (—328° J<\). 
Teals, and later Fauth, claimed that this was so because there was no lunar 
atmosphere and hence there could be no storing-up of heat, it would im- 
mediately be reflected or rcradiatecl into space. That this point of view is 
erroneous is clear; for, when the black-body laws are applied, it is found 
that a perfect black body at the moon’s mean distance from the sun would 
have an average temperature of -|-4° C. (39° 1-’.). 

Verey, at Allegheny, found that, when the sun was up 1 5° the tempera- 
ture had risen to 0° C. (32° I 1 .), and when it was vertical, the temperature 
was at the boiling-point, 1 00° C. (212° F.). Later in the lunar afternoon it 
went still higher. 
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Pettit and Nicholson (15), working with a vacuum thermocouple on the 
100-inch telescope, checked closely Verey’s first two values but not the 
third. They measured the heat at the subsolar point on the full moon to be 
134° C, (273° F.). From this point the temperature dropped as the limbs 
were approached, At 0.5 radius the temperature was measured to he 
122° C. (252° F.), at 0.75 radius it was 102° C. (216° F.), at 0.9 radius it 
was 77° C;(171° F.), while close to the limb it had dropped to about 67° C. 
(153 F,), When the temperature of the subsolar point was measured at 
the quarter-phases a surprise resulted, for it was only 81° C. (178° F.). 
The great roughness of the surface must necessarily account for the differ- 
ence, Consequently, one must be careful in assigning a unique tempera- 
ture to any particular place on an airless body. The measured value is an 
average which depends on the orientation of the surface irregularities to- 
ward both sun and earth, Wide ranges, both above and below the meas- 
ured mean value, would exist at each locale. The average temperature as 
determined at full moon is higher than the boiling-point, 100° C. (212° I\), 
over one-eighth of the entire lunar surface, an area 1,600 miles in diameter. 
Yet even under a noonday sun a rock placed in a shadow would soon drop 
over 200° C. in temperature. 

At the eclipse of June 14, 1927, Pettit (16) obtained much extreme- 
ly valuable information. At a point only 2' from the south limb, which 
was the point crossed by the greatest chord of the earth’s shadow, the 
changes of temperature were measured as a function of time through- 
out the eclipse. The temperature was 69° C, (156° F.) before the 
eclipse, It dropped immediately at the beginning of the partial phase, 
which lasted one hour, and was ^63° C. (— 81° F.) at the beginning of 
total it)'. I he rapid drop continued for another twenty minutes, reaching 
- 103° C. (~ 156° F.). Thereafter, for the remainder of totality, two hours 
and twenty minutes, the drop was very slow. The minimum at the end of 
totality was —121 C, (— 186° F.). For twenty minutes during the first 
part of the partial phase the temperature did not greatly change, rising to 
only —113° C. (-171° F.), but thereafter it rose rapidly, attaining 57° C. 
(135° F.) in the next half-hour. 

Epstein’s (17) analysis of these variations indicates that the lunar sur- 
face materials are exceedingly good insulators or, conversely, have a small 
heat capacity and therefore cannot be massive materials like granite or 
limestone but must be light substances like pumice, volcanic ash, or other 
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dustlike or porous materials. This interpretation, is in good agreement 
with measures of polarization and surface brightness in demonstrating 
that the moon’s surface is very rough and broken up, with large quantities 
of dust or fine particles spread over the ground. 

The temperature of the surface during the eclipse did not fall as low as 
Pettit and Nicholson have found for the dark side. During the long lunar 
night the temperature is fairly constant at —153° C. (-243° F.). 

R. W. Wood (18), while studying the moon in the ultraviolet region of 
the spectrum, found a “black desert* east of the crater Aristarchus. This 
area appeared quite dark when photographed in light of X 3100-3250 A, 
was still conspicuous in violet light, and was even faintly visible as a shad- 
ed patch to the naked eye, but photographs taken in yellow light did not 
leveal it. Keenan found it to be 20 per cent stronger in infrared light than 
in the ultraviolet. Wood felt that the color curve of this region seemed to 
coincide closely with that of a rock which had been previously exposed to 
sulphur fumes. No such appearance was found in any crater, and hence 
sulphur, which is often found associated with terrestrial volcanoes, is miss- 
ing, or at least extremely rare, around the lunar craters. 

It is not pretended that these paragraphs constitute a complete history 
of the development of lunar knowledge. Instead, certain high points have 
been emphasized, particularly as they bear on the problems of determining 
the nature of the moon and the general physical conditions of the lunar 
surface and body. Countless hours have been spent by hundreds of astron- 
omers, mathematicians, geologists, geophysicists, chemists, physicists, and 
others in investigating the earth’s nearest neighbor. These cannot be ac- 
knowledged in a volume of this size and their omission signifies no slight. 
Where such contributions pertain to subjects discussed in other sections, 
they are recognized. 

The points which have been discussed do give, however, a rather com- 
plete general picture of the state of things on the moon’s surface. It re- 
mains to demonstrate the various processes and mechanisms which have 
operated on the moon to bring it to its present condition. 



CHAPTER 2 


Surface Features 

I T IS the purpose of this descriptive chapter to outline the major se- 
quences, similarities, and differences among the lunar surface struc- 
ture phyla in order that general laws, progressions, and correlations may 
be established. When this is done, and only then, it will be possible to de- 
scribe the basic processes by which these features came into being. 

There are no duplicate objects on the moon. No two structures are ex- 
actly alike. In each of the major types there is a relatively well-defined se- 
quence where the change of characteristics is related to size. Nevertheless, 
it has been the general practice to subdivide the various groups of forma- 
tions into more or less independent families and to discuss each by 
itself. 

As an example, the sequence of craters is often partitioned in this man- 
ner. The smallest craters visible arc usually called “craterlets” or “crater- 
pits.” As the size increases, the simple term “crater” is applied; still larger 
objects arc named “crater rings,” then “mountain-ringed plains” or “bul- 
wark plains,” and, lastly, the great "mountain -walled enclosures,” some 
of which are really small seas. The term “seas” is used here in lunar no- 
menclature to mean an extended lava flow. 

It is 011c of the theses of this volume that there is no fundamental dif- 
ference between the nature of small and large craters. They were formed 
in similar manners, the larger crater simply resulting from a greater ap- 
plication of power. The superficial differences between craters thus are due 
to local conditions at the time of origin, to changes which have occurred 
later, and to systematic effects which are functions of the magnitude of 
the crater-forming effort. 

A casual glance at a photograph shows that there are wide differences 
in the ages of various craters. Many seem to be perfect, unmarred by other 
craters formed subsequently. Some have been so badly damaged as to be 
almost unrecognizable. It is believed, with reason, that the less-disturbed 
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PLATE I 



Moon, Age 4.6 Days, June 2, 1938 (Lick Observatory) 
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PLATE II 



Moon, Aok 7 Days, May 6, (Lick Ouskuvatory) 
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PLATE III 



Moon, Age 20,04 Days, October 24, 1937 (Lick Observatory) 
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PLATE IV 



Moon, Ace 22.06 Days, October 26, 1M7 (Lick Observatory) 
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PLATE V 



Moon, Age 24.3 Days, August 20, 1938 (Lick Ousehvatohy) 
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and better-defined craters are most nearly representative of craters as 
they were when formed. 

Properly to evaluate the real sequence of crater types, it is necessary to 
describe representative examples covering the gamut of sizes, thus correlat- 
ing the systematic variations. 

At the limit of telescopic vision are many thousands or even hundreds of 
thousands of tiny craters. An earthling, seeing such a pit at close hand, 
would be impressed by its vastness, but distance dulls the sharp details 
and leaves only a tiny pinprick in the lunar skin. The angle of illumination 
causes strange optical effects. Many of these small craters appear only as 
black spots under a moderately high sun; the structure vanishes and the 
interior shadow remains. Possibly a bright crescent marks the sunlit wall. 
As the terminator is approached, the crater details become more easily 
visible, the shadow broadens, and the exterior rim appears* Still nearer, 
the interior becomes buried in night while the raised rim turns into two 
opposing, dissimilar crescents. Close to the terminator these tiny crater- 
lets seem to grow in height, though not in diameter. It is an effect of con- 
trast, irradiation. As a result, the appearance of a small volcanic cone is 
simulated briefly. Measurements show, and the appearance of these pits 
at other phases indicates, that they do not have high rims in proportion 
to their diameters. They are simple craterpits and are found by myriads 
profusely scattered over all parts of the surface. 

Each of these little craters is a cup with steep inside slopes gradually de- 
creasing to a nearly level interior depressed beneath the true ground level. 
They are too small to permit discovery of a central peak, but the existence 
of small central elevations is not thereby denied, The crater outlines are 
generally circular while the rim is smoothly symmetrical, rising but little 
from the plain and dropping outward gradually to its level. The volume 
of the rim is equal to the volume of the subsurface portion of the crater 
(Table 7, chap. 7), although mere inspection would lead to other conclu- 
sions. The rim rises to a maximum height on its inside edge but gives no 
indications of any landslides on the steep inner wall. The lack of irregular 
detail is undoubtedly due to the small apparent size of the crater and the 
blurring effects of the earth's atmosphere. 

A typical example is about 20 miles west of Piazzi Smyth. This tiny 
crater is 1.3 miles in diameter, 1,240 feet deep, with a rim raised 300 feet 
above the mare. The nearest terrestrial counterpart is the great Arizona 
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Meteorite Crater whose dimensions are approximately one-half those of 
this lunar crater. 

One step larger than this nameless little pit is the neighboring Piazzi 
Smyth, 6 miles in diameter, 3,500 feet deep, with a 2,100 foot-high (maxi- 
mum) rim. A crater of this size is only 5 " of arc in diameter; it is not sur- 
prising that it is difficult to detect much of the fine structure. Traces of ir- 
regularities appear in the outer rim as if the crater-forming force had eject- 
ed matter in lumps in a not quite uniform manner. No central peak has 
been found. The major difference between Piazzi Smyth and its neighbor, 
other than size, is that the smaller pit is relatively deeper. 

Clearly displayed on the wide expanse of Mare Serenitatis is Bessel. 
Schmidt (8) gives its diameter as 12 miles, but 10 would be a better figure. 
The depth is 4,300 feet, and the rim is 1,600 feet high. 1 MacUcr (19) found 
no central peak, but Webb (20) claimed to have seen one on two separate 
occasions. A photograph taken at Lick Observatory on May 6, 1938, defi- 
nitely shows an irregular shadow across the crater floor, but whether this 
is due to a central peak or to a minor gap in the west wall is uncertain. 

A portion of the bright ray from Tycho (or Menelaus) may be seen 
crossing the northeastern floor. The walls appear single, much as do those 
of Piazzi Smyth, and the interior smoothly rounded. Bessel is relatively 
more shallow than smaller craters. The ratios, depth over diameter, for 
the three craters so far described are £ , j, and T V, respectively. This ratio 
continues to elect ease as the absolute size of the craters increases until a 
value of nearly is found for the largest normal craters. Similarly, the 
rim height slowly increases. 

Conon is located in the jagged uplands of the Apennines, a beautiful 
little crater, 15 miles in diameter and 6,400 feet deep. It possesses a small 
central elevation, The walls lack the smooth symmetry of those similar 
craters found in the plains areas. Quite obviously the form of Conon was 
determined by its heredity and conditioned by its environment. The rim 
is bulged inward just where it comes in contact with a mountain arm. No 
evidences of landslips or multiple walls are to be seen. 


1. fhe variations m measured lunar crater dimensions are due to two factors. These data 
have been gathered largely by observers using small telescopes; the normal accidental errors 
are thus rather large. Blended with this artificial scatter are small but real variations in rim 
heights ami crater depths relative to diameters. Although the two effects cannot now 'be com- 

£!12T ’ ” b **“ l 011 of mony . to 



SURFACE FEATUR E S 


31 


On the floor of mighty Clavius lies Clavius D, the same diameter as 
Conon, 6,000 feet deep, with a rim jutting up 3,100 feet. It has a small but 
definite central peak, which, like all peaks in lunar craters, does not rise 
to the plane of the outer ground level. Here the rim clearly is irregular in 
height, while the outer slopes show valleys and hills which closely resemble 
those to be seen correspondingly from airplane views of the Arizona Mete- 
orite Crater. Part way down the inner wall is the bare suggestion of a land- 
slip or terrace, visible all the way around the crater at about the normal 
ground-level. This is the first appearance of this characteristic, so promi- 
nent at many larger craters. 

It is important to note that these fine details disappear on poor photo- 
graphs and that the appearance of Clavius D then reverts to one much like 
that of Piazzi Smyth. 

On the edge of Mare Nectaris and dwarfed by its giant neighbor, The- 
ophilus, is a magnificent crater, Madler, whose name honors one of the 
greatest students of the moon. Madler is 20 miles in diameter, 7,500 feet 
deep, and has a rim rising 3,600 feet above the plain. The central elevation 
is easily seen and is found to have one major peak and others subsidiary to 
it. The inner wall of the crater has a well-defined ridge running around it 
at some distance below the main rim. It is an exaggeration of the condi- 
tion noted at Clavius D. In Madler and all larger pits the rim heights are 
jagged, their outlines almost, but not quite, circular. Some cases are 
known which tend toward polygonization. 

Here is clear evidence that explosive activity occurred, for M’Udler has 
ejected light-colored, finely divided matter, primarily to the southwest 
onto Mare Nectaris. There are bare traces of ribs radiating from and part 
of the outer rim and indications of the coarse cjcctamcnta surrounding 
the main structure. 

From Madler we progress naturally to Autolycus, 24 miles in diameter, 
9,500 feet deep, whose rim rises 4,800 feet. It shows a small central 
peak. In other respects Autolycus simply amplifies the features found at 
Madler. The rim is more irregular in height, and the inner wall ridge is 
more pronounced. On alt sides radiate hill chains and short ridges on to the 
plains. Some markings, even as far as 75 miles from the center of the crater, 
can be seen to lie valleys with slightly raised edges. These valleys are radial 
to Autolycus and hence must have been formed by or associated with the 
crater-forming process. The entire outer rim is a bed of coarse blocks and 
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angulai fragments. The composition of the rim materials is becoming evi- 
dent. Sired by Autolycus is a ray system extending in all directions. Some 
of its rays even mark the floor of Archimedes. 

Manilrus, 25 mites in diameter, 7,700 feet deep, with a 3,000-foot-high 
parapet, is almost a counterpart of Autolycus. It has a multiple central 
mountain and is. situated nearly centrally in a bright nimbus of diffuse 
rays. The serrated rim is double, the inner ridge lying lower than the main 
edge. Sunounding the crater is the zone of incoherent masses, and there 
are radiating ridges and valleys in abundance. 

Alpetiagius, 26 mites in diameter, 9,000 feet deep, with a rim 3,300 feet 
high, is a somewhat variant form of crater. The radiating ridges and val- 
leys aie piesent, particularly on the southeast, but are not prominent. 
There aie no associated rays. The inner terrace is easily seen but is less 
well developed than in many other craters of similar size. Alpetragius’ 
main claim to fame is a vast low central mountain, much larger than is 
normal for such a crater. On this elevation is a small crater. 

In many ways the most beautiful crater on the moon is Aristi lln s. Of 
intermediate size, 35 miles in diameter, 10,300 feet deep, and possessing a 
raised rim 4,400 feet high, Aristillus is magnificently placed in a focus of 
the mountainous curve of the Alps, Caucasus, and Apennine ranges. The 
floor of the surrounding Mare Imbrium, or, as it is locally known, Falus 
Nebularum, is smooth, with only occasional low ridges to mar it. Broad- 
cast over this area is a great system of rays extending as far as Plato. Over 
a circular area 200 miles in diameter lie uncounted grooves and ridges, all 
radial to the ciatci . The existence and direction of the shadows prove that 
the grooves are sunken into the plain. Many of the valley-like grooves 
have cut completely through the ring of a partially buried crater north of 
Aristillus or through low scattered ridges, particularly southwest of tire 
crater. Hence it must be inferred that these grooves were actually gouged 
out of the solid crust by some process associated with Aristillus and do not 
represent graben or downfaultcd blocks of the crust. 

I he usual zone of breccia is well developed, while the inner walls of the 
crater show three main terraces whose lines of demarcation are not as 
clcaily defined as at smaller craters. The central floor is occupied by a 
great mountainous complex composed of irregular blocks. 

About 500 miles to the southeast lies Eratosthenes, only 2 miles broader 
than and equal in depth to Aristillus. Its rim has been measured as 3,300 
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feet high. In their main features the two craters practically duplicate each 
other. If a ray system surrounds Eratosthenes, it is very weak. The major 
difference, however, is the condition of the interior walls of Eratosthenes, 
which exhibit a chaotic series of terraces, none of which extends completely 
around the crater. The type of structure which appeared so inauspiciously 
at Clavius D now has readied full development. At larger craters the ter- 
races differ only in detail. 

As the craters grow larger, little further change occurs. In the great 
southern uplands lies Tycho, called by Webb the metropolitan crater of the 
moon. Its diameter is 54 miles, depth 1 2 ,000 feet, and its rim height is given 
as 7,900 feet. The last value is probably too great. Tycho is a magnificent 
sight at all times. The central elevation is actually complex although there 
is only one pre-eminent peak. The floor is never smooth, and the inner 
walls rise in as many as Jive terraces to a well-defined crest which then de- 
scends toward the outside in massive terraces and buttresses. The latter 
are logical developments from the formations glimpsed on the irregular 
external slopes of Clavius D. 

All the formations closely surrounding Tycho have an indistinct ap- 
pearance caused by the combined effects of thousands of tiny craters, 
crater-like formations, and radial ridges and grooves, Quite certainly these 
structures were by-products of the birth agonies of the main crater. 

The great ray system, which is even visible to the naked eye, is well 
known. Some of these streaks can be traced well over 1,000 miles. 

Second only to Tycho in the extent and diversity of its ray system is 
Copernicus. Larger than Tycho, 56 miles in diameter, 11,000 feet deep, 
3,300 feet high, Copernicus differs in minor ways. Its location on the lava 
flow of Mare Nubium shows off the buttresses, ridges, terraces, and other 
structures of the outer wall to better advantage. The radiating marks are 
very prominent, and many examples are to be found in which such val- 
leys cut through near-by upraised formations. The central peak is multiple 
with the components widely separated, and the floor appears to be level, 
as if it had once contained a small amount of liquid which later froze in 
position, The inner wall terraces defy description in their complexity and 
appear to have encroached farther on the rim than is usual. 

Thcopliilus is an enlarged version of Tycho and Copernicus. It is 65 
miles in diameter, 14,400 feet deep, and lias an outer wall height of 3,800 
feet. All the previously described characteristics may be found here includ- 
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ing a weak but well-defined ray system extending over much of Mare 
Tranquillitatis and Mare Nectaris. 

The importance of Theophilus in this sequence is not so much its own 
physical details but the fact that it was formed subsequent to another 
crater, Cyrilius, of almost equal size, and now overlaps the older forma- 
tion. In the region of overlap Theophilus appears to be perfectly normal, 
while that portion of Cyrilius has disappeared. This is typical of the few 
cases where two nearly equal craters overlap. The newer of the two takes 
its form from its own available energies; the older is partially destroyed. 

Near the west limb lies the beautiful crater Langrenus, an object which 
would be far more famous were it more favorably placed. It is 81 miles in 
diameter, 13,300 feet deep, and 2,600 feet high. Langrenus also shows the 
terraced interior and buttressed exterior, with the surrounding radial 
markings. A ray system speckles much of Marc Foecunditatis. The cen- 
tral mountain is complex. Except for its size, it is similar to Theophilus and 
offers no new features. With the possible exception of Newton, Langrenus 
is the largest crater on the visible surface of the moon which has not under- 
gone serious modification by craters formed later or by other forces. 

None of the largest craters is in its pristine condition. Maginus offers a 
typical example. It is 118 miles in diameter, 14,800 feet deep. The height 
of the rim is very difficult to measure owing to the irregular nature of the 
surrounding region. 

No rays or surrounding radial marks are to be found. From the age of 
the crater and the adjacent complex they perhaps are not to be expected. 
It is noticed that not all craters show rays. However, a crater is far more 
likely to possess them if it is a clean, new-looking structure than if it is old 
and battered. 

The centra] mountain shows several peaks, but none is prominent rela- 
tive to the size of the crater. The inner walls are extremely irregular, while 
the outer slope is made up of vast buttresses. 

The same description fits Clavius equally well. This great object, larg- 
est of the normal craters on the moon, is 146 miles in diameter, 16,100 feet 
deep, and 5,400 feet high on the exterior. Its radiating buttresses form al- 
most a circular mountain range. 

In the cases of Maginus, Clavius, and numerous others of the large but 
old-appearing craters, the floors are nearly flat, the central mountain is 
not prominent, and the depths are not as great relative to the diameters as 
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one would be led to expect from the trends in the smaller but newer-look- 
ing craters. It seems as though some force lias acted to cause the older 
craters to become more and more shallow than they were originally. Im- 
mediately east of Walter is a tremendous, yet nameless, crater, 139 miles 
in diameter. It is ancient of days and has suffered numerous smaller super- 
ficial craters to develop at many points. Walter has destroyed fully onc- 
eighth of its rim. Nevertheless, there is nothing visible among these sec- 
ondary actions which would account for the extreme shallowness of the un- 
named crater. Some other mechanism must be called upon to account for 
this widespread phenomenon. 

The craters may also be changed in appearance by a third method. 
Many of the pits have dark interiors closely resembling the tone of the 
maria. Usually it is found that such objects are much shallower than is 
1101 mal among the newer forms and that their floors are strangely level. 
.The incidence of central mountain peaks is markedly lower in this group of 
ciateis than in all other classes. It is evident that by some means the lavas 
of the maria or associated lavas have seeped into many of the near-by 
craters and formed stagnant pools which later solidified. The broad crater 
Ptolemaeus, close to the center of the disk, demonstrates clearly its lava- 
filled nature. 

I here is still another way by which the lunar craters are modified in 
appearance. With rare exceptions the craters lying on the borders of the 
maria are lower on the side toward the sea. A notable example of this ef- 
fect is another vast, nameless crater east of and encompassing Thcbit. The 
western side is rather well defined. In the north it is marked by the Prom- 
ontory Aenarium reaching into Mare Nubium. On the cast a curved line of 
wrinkles in the mare marks the submerged rim. The included Straight 
Wall aids in this effect. Immediately north is another crater of almost 
identical size and condition. The eastern rim seems to be outlined by a 
change in the brightness of Mare Nubium. 

One of the most important facts concerning the craters of the moon is 
theii peculiai distribution. Numerous studies have shown, and indeed it is 
apparent to the eye, that except for the modifications produced by the 
great overflowing Java sheets the craters are distributed essentially at 
random. This observed condition must be explained by any acceptable 
theory of the origin of the moon’s surface features. It is in sharp contrast 
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to the well-defined zonal distribution of past and present volcanoes on the 
earth. 

The great sheets of molten rock which cover about 40 per cent of the 
visible surface came into being at almost the end of the period of crater 
formation. Thousands of craters of postmare age may be found scattered 
at random over the gray seas, but their frequency is far lower than is cus- 
tomary in the upland regions. This observation does not date the lava 
flows with respect to the age of the moon; it merely serves to place them 
properly in a relative temporal sequence. 

One class of crater-like formation must be segregated from the normal 
groups of craters. These are the so-called “chain” craters. Many times 
they are found lined up like post holes dug for a fence. In some cases they 
are actually contiguous; in others they are connected by easily seen clefts 
or rills. 2 The most prominent group of chain craters runs north-south mid- 
way between Eratosthenes and Copernicus. At the northern end of the 
line the individual craters begin to merge until they almost take on the 
appearance of a normal rill extending out into Mare Imbrium. 

Running from Davy almost to Ttolcmacus is a rill which shows at least 
six crater-like structures centered on it. A similar formation lies east of 
Archimedes, and a great many other examples could be cited. 

In Alphonsus, which is partially filled with lava, there arc five darker 
spots. In each of these cases there is a small crater in the dark spot, and 
in four of the five regions the crater has developed on a rill. 

Craters of these types rarely, if ever, show raised rims and are thus set 
aside as a distinct class from the majority of normal craters. There does 
not seem to be any question but that they are volcanic blowholes of some 
kind and are directly the products of gases contained in the moon’s crust. 
They may be found on any portion of the surface. Such craters are always 
small. In all probability craters of this type are not limited to association 
with rills but may occur often, particularly on the lava flows. A large num- 
ber, although a small percentage, of the lesser pits may fall into this 
category. 

There is no single case of a group of large craters being joined together 
by a rill. The law of chance, exemplified by the random distribution of 
normal craters, would compel certain accidental coincidences of crater 
and rill, but no systematic alignments of large craters have been found. 

2, Does not connote u watery origin. 
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Although small ciaterlets are often associated with idlls, the latter nor- 
mally are not marked by frequent craters. The usual rills may be subdi- 
vided into two major classes. Near Triesnecker is a large group of short, 
irregular cracks, very jagged in appearance, which seem to be bottomless 
In other cases, notably the great Hesiodus cleft, the crack has been nearly 
filled up by material either oozing up from below or subsiding from above. 

Fundamentally the rill is a great crack and thus marks a region which 
once underwent more than the usual tension. The distribution of rills is 
especially revealing. They may be found anywhere on the moon, but the 
primary systems define the borders of the lava flows. Usually they are 
parallel to the edges of the maria, but a lesser number is perpendicular to 
them. This is an observation of utmost importance. The rill is not purely 
a surface phenonenon; its causes care deep-seated. Often such a cleft will 
split open a crater or mountain without an appreciable deviation in its 
course as if it did not exist. Tremendous forces must have been operating. 
Often small rills are found within lava-filled craters. Petavius, Pitatus, 
Alphonsus, and Gctsscndi olfcr many type cases, 

lire maria fall into two classes, those with irregular borders and those 
bounded by mountains. It is beyond question that the seas were once liq- 
uid, for they have overflowed thousands of craters and left only occasion- 
al lngh spots to mark their existence. Most of the maria join to Mare Im- 
buirni, the largest of the mountain-bordered plains. 

In every case the great lava flows are depressed regions, often lying 
thousands of feet lower than their surroundings. Whenever the border is 
mountainous, the sea is nearly circular and there is an escarpment on the 
inner wall and a gradual slope down to the normal level on the outer face. 
I ie mountain ranges are all found to be concentric with a sea and thus to 
be composed of a series of circular arcs. This description also applies to the 
Altai Mountains, which form a small part of a great circle of mountains 
everywhere parallel to, but not touching, the borders of Mare Nectaris. 
Mountains like the Liebnitz or Doerfel ranges on the limbs cannot be so 
classified, although Molesworth found the appearance of the latter sug- 
gestive of an immense ring plain seen in profile. 

Among the mountain-bordered seas are Mare Imbrium, Mare Sereni- 
tatis, Mare Crisium, Mare Nectaris, Mare Humorum, Mare Humboldt- 
lanum, and Sinus Iridum. The Riphaen Mountains mark the rim of a small 
submerged sea or very large crater. All the other seas are simply overflow 
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areas from the Mare Imbrium region or else are local lava sheets (chap. 

n). 

Mare Imbrium is by far the largest of the mountain-bordered seas and 
shows in magnificent detail many features in well-developed form which 
can only be guessed at from study of the smaller seas of the same type. 
The great sea is tolerably circular, being roughly 700 miles in diameter and 
more than 340,000 square miles in area, figures which are only approxi- 
mate because the exact location of the eastern border is subject to con- 
jecture. Usually the line is drawn near Euler, Diophantus, and Delislc, 
but it probably should lie farther east. Almost over to the brilliant crater 
Aristarchus, the Harbinger Mountains timidly rise above the flood. If the 
curves of the Carpathian Mountains on the south and the uplands near 
Sinus Iridum on the north are extrapolated, they join among the Harbin- 
ger Mountains. 

The long Carpathian Range north of Copernicus isbut a series of peaks, 
crests, and ridges rising above their lava-buried bases. They arc curiously 
worn and rounded with predominant directions of markings perpendicular 
to the border of the sea. 

The gap between the Carpathian and Apennine Mountains offered wide 
sweep to the molten rock as it roared southward to form Mare Nubiiim. 
The latter range is the highest of the Marc Imbrium series and hence is 
best displayed. The face toward the sea is a sharp scarp, or nearly vertical 
wall, and in many places there can still be seen the wreckage of moon- 
shaking landslides where masses of rock perhaps 20-75 miles long and 10 
miles broad dropped more than a mile. Many peaks on this front rise from 
12,000 to 18,000 feet. The outer slope is gradual on the average and yet is 
almost inconceivably rough. 

On the western end of the Apennines the gap into Mare Screnitatis oc- 
curs. North of this the Caucasus Mountains rise, often to great heights. In 
all fairness Mare Imbrium can claim only a small portion of this range, the 
remainder forming the eastern edge of Marc Screnitatis. .1 he Lunar Alps 
are found on the northwest border of Mare Imbrium and are strangely 
dissimilar to the other ranges, for they are built mainly of scattered dis- 
crete peaks. From Plato to well beyond Sinus Iridum the upland border is 
continuous and very jagged, gradually disappearing below the level of 
Oceanus Procellarum on the east. 

Marc Imbrium is thus an almost circular sea of frozen lava, bounded by 
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mountains, but having five outlets through which the lava has streamed. 
The bordering mountains generally rise gently as the mare is approached 
and then drop precipitously. Numerous faults are to be found parallel and 
close to the edges, while some can be detected perpendicular to the sea, 
The structure of the mountains gives clear evidence of others of the per- 
pendicular fault series. 

The predominant direction of the hills and valleys in all the mountains 
is perpendicular to the shore except near Sinus Iridum, where the mark- 
ings lie radial to it rather than to Mare Imbrium. 

Several hundreds of craters, mostly small, were born after the great 
lava flow had hardened, the largest of which is Aristillus, Archimedes is a 
prelava flow crater, for the flood has buried the lower parts of the outer 
crater wall and even obtained entry into the pit and covered its floor. 
Southeast of Archimedes is a portion of the original preflood floor of the 
region. It shows two great ridges, both parallel to the Apennine front. 

An almost circular ring of scattered mountain peaks extends above the 
lava in the north central portion of Mare Imbrium. The ring, over 300 
miles in diameter, consists of the Straight Range, the Teneriffe Mountains, 
Pico, and two groups of mountains north and east of Archimedes, Be- 
tween rimocharis and Lambert is an isolated peak; beyond Lambert lies 
Lahire. Just east of Caroline Herschel is another solitary mass. The list of 
these mountains is not impressive; but, except for the Archimedes region, 
Piton, and scattered peaks near Euler, they constitute the entire group of 
such objects on Marc Imbrium. In addition, the ring they define is nearly 
concentric with Marc Imbrium and would appear even more so if it were 
not for the deformation of the circular border of the sea caused by the 
promontories of Sinus Iridum ending in Cape Heraclides and Cape La- 
place. It is possible that the mountainous masses just named as not in- 
cluded in the inner ring may form parts of another and less well-defined 
ring between the first and the border of the mare. 

One other type of feature of the Imbrium plain is worthy of mention, 
namely, the great irregular low ridges in the lava. Many of these wrinkles 
are known, appearing best under a low sun ; but one series, in particular, is 
important, for it follows the outline of the inner ring of mountains com- 
pletely. Quite certainly, under the lava, is the raised rim of a vast crater 
which is nearly concentric with Mare Imbrium. 

On the west lies Mare Serenitatis, oil the east is Oceanus Procellar urn, 



SURFACE FEATURES 


41 


while on the southeast is Mare Nubium, all formed by or covered with 
lava flows connecting with the Imbrium region. North of Mare Imbrium, 
beyond the mountains, lies a different kind of sea, Mare Frigoris, and its 
extension, Sinus Roris, narrow and irregular, but running parallel to the 
edge of the circular mare. Beyond the Apennines is the curved band of 
lava containing Mare Vaporum, Sinus Mcdii, and Sinus Aestuum, which 
actually are all parts of the same structure. On both north ancl south, then, 
Mare Imbrium is bordered by raised mountains which slope outward into 
depressed lava-filled zones whose inner and outer edges arc again concen- 
tric with the great sea. Foreshortening causes Mare Frigoris to appear 
narrow. Actually, it is quite similar to its southern counterpart. It is only 
surmise, of course, but it appears quite probable that, were it not for the 
obstructing factors — Mare Serenitatis, Mare Nubium, and Oceanus Pro- 
cellarum — we should find a depressed zone completely surrounding Mare 
Imbrium and its bounding uplands. 

The most amazing and probably the most important of the surface fea- 
tures associated with Mare Imbrium arc found scattered from the moun- 
tain border of the sea to more than 800 miles distant. They arc great val- 
leys, usually a few miles wide and up to SO, occasionally more, miles long, 
scooped from the rock of formations older than Mare Imbrium. These 
valleys, and there are hundreds of them, are all lined up radially to an 
area in the north central portion of the lava llow covering the floor of 
Marc Imbrium. When the major axes of these valleys are projected back- 
ward along great circle arcs, it is found that they intersect in an area which, 
apparently, is outlined by the inner ring of mountains still projecting 
above the surface. 

Thus we have, on a tremendously exaggerated scale, an enlarged ver- 
sion of the radial markings so often found around normal craters. 

There are three main zones of these valleys, whose prime grouping is 
found due south of Mare Imbrium in the region of Hipparchus, Albateg- 
nius, AlpKonsus, and Ptolemaeus. At this distance from the radiant the 
valleys are nearly parallel. They appear almost anywhere but show a pref- 
erence for the higher altitudes; the rims of many craters near by are nicked 
and scored. The lava which has filled Hipparchus and Albategniua came 
after the narrow valleys were formed, for traces of submerged markings of 
this kind can still be seen in both pits. Similar buried valleys may be noted 
in Fra Mauro and other craters in the shallower portions of Mare Nubium. 
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Steavenson (21) attributed those furrow^s near Ptolemaeus to the almost 
tangential impacts of large meteorites* 

West and north of the main group of radial valleys the direction of 
alignment gradually changes. In Mare Vapor um are numerous examples. 
These valleys are closer to Mare Xmbrium and are wider than the others. 
Many are partially drowned in the dark lavas of the Mare Vaporum re- 
gion. The near-by ITaemus Mountains, which form the south border of 
Mare Serenitatis, have assumed an appearance much like a curved ridge 
of sand upon which has been turned a stream of water. The entire range 
has been smashed and reoriented so that its ridges and valleys point to- 
ward Mare Imbrium. Tomkins (22) noted these elongated grooves in 
Mare Vaporum and the furrows near Ptolemaeus but attributed them to 
faulting and pressure, 

Some valLeys of this system are also found beyond Mare Frigoris, but 
foreshortening here prevents their accurate delineation. The great Alpine 
valley and others in the Alps and Caucasus regions are also of similar 
origin. The former is 83 miles long, 3^-6 miles broad, and up to 10,000 feet 
deep. 

This great fan of valleys was created before the lava floods, for none is 
found in the Mare Serenitatis, which is covered by Imbrian lavas, and 
l datively few can be seen, partially covered, in the shallowest sections of 
Mare Nubium. 

Viewed as an entity, the Mare Imbrium system has several points of 
similarity to a monstrous crater and several wide divergences. No mode of 
oiigin can be considered satisfactory if it is inconsistent with any of these 
observed facts. 

Mate Imbrium shows all these features more clearly than any of the 
othei seas, but, strange as it seems, Mare Ne Claris is its closest parallel. 
Mare Nectaiis itself is only a small lava sea about 170 miles in diameter. 
It connects with Mare rranquillitatis through a broad channel passing 
either side of the postflow crater Madler. In other places the borders of the 
sea ate faiily well defined* On the west lie the Pyrenees, which partake 
more of the nature of an upland plateau than of a mountain range. The 
aveiage heights are about 6,000 feet. The lava-covered section is marked 
by several concentric low ridges which indicate a sinking of the once level 
surface. 

Beyond the shores are other structures quite certainly associated with 
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the central mare. From Colombo to Santbech is a great curved ridge 
paralleling the lava edge. Another is diametrically opposite, joining Cyril- 
lus and Catherina. Suggestions of still more of these structures may be 
found, but beyond all of them, and still concentric with Mare Nectaris, are 
the great Altai Mountains. Normally it is said that they start at the 
east wall of Piccolomini and curve northeast to near the small crater, 
Tacitus. Examination of photographs makes it clear that only the highest 
portion of the real mountain range is thus described. It averages 4,000- 
6,000 feet while occasional peaks may rise 11,000-13,000 feet. West of 
Piccolomini the curve is resumed, passing Neancler, north of Reichenbacli, 
then curving northward to Borda, disappearing near Cook, but rising 
briefly between Maclure and Goclenius, Thence to Lubbock the range dips 
down beneath Mare Foecunditatis, and only a few high peaks are revealed. 
From Lubbock to Censorinus it is clearly marked, Then comes the broad 
lava connection to Mare Nectaris after which, near Hypatia, the moun- 
tains reappear, curving smoothly toward Tacitus. 

A complete and nearly circular ring of mountains, 560 miles in diam- 
eter, thus surrounds Mare Nectaris and is everywhere parallel to its shore 
line. The situation is exactly analogous to that which obtains at Mare Im- 
brium. The fundamental difference is that the lava here has not complete- 
ly covered the floor. The inner mare limit may perhaps correspond to the 
inner ring of mountain peaks rising above the Imbrian flood. The raised 
ridges paralleling the shore find counterparts near Archimedes. The inner 
face of the Altai Mountains is a scarp only less grand than that bordering 
Mare Imbrium. In both cases an appreciable duration of time elapsed be- 
tween the sinking of the great block and the lava flow. Fracastorius was a 
later occurrence than the primal cavity of Marc Nectaris as is shown by 
its superposition, and yet the crater is filled with the once molten rock and 
its seaward edge slopes downward so that the northern rim has vanished. 

Just to make the similarity to Mare Imbrium even more amazing, the 
regions beyond the Altai Mountains, particularly in the west and south 
directions, are deeply furrowed. These great grooves or valleys are this 
time radial to Mare Nectaris. They are not as frequent as the Imbrian 
valleys, but about a dozen are easily recognized, averaging broader and 
longer but not deeper than their more numerous relatives. The greatest of 
these radial troughs is the almost unbelievable Rheita Valley. Starting 
with a gradual dip near Rheita, which is a later formation, the valley runs 
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for 187 miles, Its width varies from 10 to 25 miles, and the maximum 
depth, according to Beer and Madler (19), is 11 ,000 feet; the average depth 
is not over 5,000 feet. A small crater apparently was formed in the valley 
near its center and from its position was correspondingly deformed. An- 
other shallower valley of equal length ends near Metius, while several are 
found east and north of Janssen, 

The longest of these strange valleys extends 500 miles. Commencing 
near the south border of Borda, it moves west-southwest across Snellius, 
going south of Haze and Adams. It is about 10 miles wide, never very 
deep, and can be traced only on the high spots. Apparently, whatever 
caused the valley acted only to disturb the crests, rims, and ridges and 
skipped the lowlands entirely. 

Except for the concentric outer depressed zone, which cannot be de- 
tected, the phenomena of the Imbrian structure are reproduced with only 
minor variations in the Nectarian system. The origins of the two great 
features were of similar magnitude and undoubtedly of similar character. 

In the same area are a few of the elongated valleys which do not belong 
to the Mare Nectaris group, The most prominent is about 70 miles long 
and nearly joins the west end of the Rheita Valley. Several smaller grooves 
run nearly parallel to it in the 100 miles south toward Steinheil. Along the 
west side of Irauenhofer is a valley about 7 miles wide; it is traceable 
through Furnerius for 212 miles and is of very irregular depth. 

Do these few valleys, which seem to radiate from a point beyond the 
limb south of Mare Australe, indicate another great mountain-bordered 
marc forever hidden from earthbound eyes? 

Marc Crisium is a dark, oval, deeply depressed sea. It is 281 miles north 
to south and 355 miles east to west. Foreshortening causes it to appear 
elongated in the opposite direction. The lava floor lies, on the average, 
about 8,000 feet below the rim and is somewhat concave relative to the 
moon s curved surface. I his indicates that there was a postsolidification 
surface adjustment. 

The interpretation of the complete series of associated structures is 
difficult. The resemblance of the sea and its mountainous border to Mare 
Imbrium is striking; yet, if this comparison is made, it must be admitted 
that there is a surrounding low zone, particularly visible in the north, 
which is even more pronounced than is the corresponding low and lava- 
filled zone around Mare Imbrium. The depressed ring around Mare Crisi- 
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urn is only partially filled with lava. Its outer edge is marked by a rather 
sharp 2,000-foot rise running near Hahn, Berosus, Bernouilli, Geminus, 
Newcomb, and ending cast of Macrobius. It is not prominent on other 
sides of the mare. 

The alternate solution is to regard Mare Crisium as similar to Mare 
Nectaris. This would make the outer rise comparable to the Altai Moun- 
tains. This solution may be questioned on the grounds that the Mare 
Nectaris borders arc not very precipitous while Mare Crisium is edged by 
veritable mountains. 

The fundamental question involved is the identification of the real 
mountainous escarpment in each case. At Mare Imbrium it is the border 
of the lava flow. At Mare Nectaris it is the Altai ring beyond the lava. At 
Mare Crisium the choice must necessarily be the first suggestion— that 
the mountainous edge of the lava-filled pit is the true border. 

Marc Crisium, therefore, is a small-scale model of Mare Imbrium. Al- 
though the extent of the lava flow is greater than at Mare Nectaris, the 
latter is, in its entirety, a larger structure. 

Marc Crisium also shows numerous radial valleys, ridges, and grooves, 
but the system is not as well defined as the two larger ones. Several val- 
leys lie between Cleomedes and Macrobius; a large furrow is just east of 
Webb. 

Mare Humorum is another of these great circular seas. Smaller than 
Mare Crisium, it is only about 263 miles from north to south and 286 miles 
east to west. This mare is bordered by a poorly defined scarp, which, be- 
tween Gassendi and Mersenius, is called the Percy Mountain Range. 

Like Mare Nectaris there are several well-defined ridges on the lava 
which tend to parallel the shore. A sinking of the lava floor is again indi- 
cated, Wide openings on the northwest and southwest lead to Mare Nu- 
bium. It is probably because of these openings that Mare Humorum is 
more nearly filled with lava, than others of its class. 

The entire region surrounding Mare Humorum is lined with rills, many 
of which are of gigantic size. Most of these are parallel to the shore, but 
some are lined up at right angles. 

The mountainous border of the sea gradually clips outward and leads 
into a depressed zone, equally ill defined. On the northeast its outer limit 
is marked by a low irregular ridge paralleling the Percy Mountains, 100 
miles away. Traces of this ridge may be seen circling the eastern edge of 
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Mare Ilumorum as far as Capuanus. In the south the depressed zone is 
lava filled. It is here that the Ramsden clefts are located. 

As at Mare Crisium, numerous valleys, grooves, and ridges are placed 
radially to Mare Humorum. They are not well marked, however, and the 
system is more easily identified from the predominant directions of the 
surrounding markings than from individual valleys. 

Despite the irregular and somewhat blurred details of the Mare Hu- 
morum structure, it is apparent that we are dealing with another of the 
formations modeled on the Mare Imbrium pattern. 

Mare Humboldtianum, lying on the northwest limb, is still another of 
the type. It is slightly smaller than Mare Humorum, 191 miles by 254 
miles, but because of its unfavorable location little is known of it. 

The borders are mountainous, averaging about 8,000 feet above the 
lava plain, and slope outward into a depressed zone reaching nearly to 
Endymion and Mercurius. A very few possible radial valleys have been 
glimpsed in the Endymion, Atlas, and Hercules region. 

It would be hard to differentiate between the true nature of Clavius 
and of Sinus Indum. The latter had the misfortune to be born alongside 
Mare Imbrium after the main structure was started and before the lavas 
appeared, hence it lost its south wall in the sinking and flooding process. 
Otherwise the two great craters appear much alike. Valleys radial to the 
Sinus are easily found in the uplands but not on the lava. It seems prob- 
able that Sinus Iridum and Clavius represent transition forms between 
true craters and true mountain-bordered maria. 

Marc Serenitatis has been segregated from the others because it is one 
of the oldest, if not the oldest, of the great mountain-bordered seas, and it 
has been so badly mutilated that it cannot even be accurately delineated. 
I he southern wall is formed by the TIaenius Mountains. As already men- 
tioned, they have been ruined by some process incident to the birth of 
Mare Imbrium. On the eastern edge are the Caucasus Mountains. Part of 
the interior is lava covered and tolerably circular. This section is what is 
usually meant by the name, Mare Serenitatis, but actually the mountain 
botdei continues far north of the edge of the lava flow. The Caucasus 
Range runs in a well-defined manner to Eudoxus. Probably the border 
continues as a ridge lying south of Burg on the Lacus Mortis, thence fol- 
lowing, or confining, the north shore of Lacus Somniorum until it reaches 
the Taurus Mountains near Bond. The latter range, which is more like an 
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irregular plateau than a mountain chain, then runs south to Mount Argae- 
us across the strait from Promontory AclicrusJa at the end of the Haemus 
Mountains. 

If this is the correct outline, Mare Serenitatis is quite elongated, being 
about 430 by 550 miles. Others of the main structural details are not clear. 
No radial valleys have been found, 

The lava flow which has covered so much of the floor is of later vintage 
than the grooves and valleys in the Haemus Mountains. At least one val- 
ley which starts in the uplands is partially filled by and extends below the 
Mare Serenitatis lavas, and no valleys are on the surface. 

The lavas contained in the regularly bordered maria are apparently 
deeper than in regions like Oceanus Procellarum and Mare Nubium. In 
the seas of the latter type it is the rule rather than the exception to find 
ruined crater rims projecting above the surface, In the maria of the Iin- 
brian type such craters are not seen except near the edges. 

Several other lava-saturated regions are readily visible. The so-called 
Mare Australe is one such shallow field. Others are Mare Smythii, Mare 
Foecunditatis, Mare Tranquillitatis, and Mare Marginis. Near the west- 
ern limb is a large area in which nearly all the larger craters have lava- 
filled floors. It lies almost between Marc Crisium and Mare Foecunditatis. 

The major lunar surface features, in spite of their apparent diversities 
and variations, belong to a very few well-defined sequences. The interpre- 
tation of the present nature of the moon's structures is thus simplified 
greatly, for it is now dear that a small number of systematic forces was 
active during the moon’s past history rather than a large number of ran- 
dom forces, 


CHAPTER 3 


Suggested Crater- 
forming Processes 

T HE earliest drawing of the moon, that of Galileo, shows few features 
which can be identified today, owing, of course, to the inadequacies 
of his tiny telescope, Even so, several vast, circular forms are outlined. 
They were soon given the name of “crater/* derived from the Greek and 
meaning “cup,” indicating that even at that early date the superficial re- 
semblance to terrestrial volcanoes had caused observers to accept the ap- 
parent solution that the pits had originated in the same manner as the 
earthly fire mountains. 

Aiding and abetting this assumption was one of the most beautiful op- 
tical illusions in the universe. The craters appear to be much deeper than 
they are. 

Brilliant colors simply do not exist on the moon. Those which are found 
are better described as tints. Slight changes in tint and relatively small dif- 
ferences in contrast are about all that can be seen in the areas under a high 
sun. Consequently, attention is quickly drawn to the region of the ter- 
minator where the low sun of dusk or dawn casts long shadows, dispropor- 
tionately long shadows, which make surface irregularities stand out in 
sharp relief. These black curtains are knife edged, not hazy with diffused 
light as they would be under our earthly blanket of air. The result is that 
the moon takes on an appearance of unreality, almost as though it were a 
plaster miniature, miraculously perfect, suspended near by. The craters 
seem to be many times deeper relative to their diameters than measure- 
ments actually show them to be. They do resemble great cups. That they 
really are extremely shallow proportionately is hard to realize. This opti- 
cal illusion is difficult to reconcile with the facts; it exists, and, as a result, 
observers for more than three centuries have considered the lunar craters 
to be enlarged versions of the normal terrestrial volcanoes. 

The extreme size of some of the lunar craters did bother many of the 
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volcanic-hypothesis enthusiasts, but this was passed off by the rational- 
ization that, because the surface gravities of the two worlds differed by a 
factor of 6, the craters produced by applications of identical forces would 
also differ in diameters by the same ratio. A Clavius on the moon, 146 
miles in diameter, would reduce to only 24 miles on the earth. This size is 
strictly comparable to the largest volcanic craters, and hence there ap- 
peared to be no inconsistency. 

Two arguments may be raised against tins assumption. According to 
Williams (23) the largest explosive craters on earth are about 2 miles in 
diameter. All larger calderas, with the possible exception of Tamboro, are 
formed by collapse rather than by explosion. He suggests that this implies 
a size limit to explosive volcanic craters. If this is correct and the 6:1 
factor were to hold, the largest lunar craters of explosive volcanic nature 
would be about 12 miles across. It is quite evident without probing into 
the matter further that if the craters of the moon were formed by explo- 
sive vulcanism, they indicate an entirely different order of applied power 
than has been demonstrated on earth. 

The forces in an explosion which act to produce a crater do two things. 
They break up the surface layers by a shearing process, and they cause, for 
very short intervals of time, accelerations of the fragmental rock which are 
from a few to thousands of times that of gravity. The main energies are 
used to brecciate the crust and to start the masses in motion. The forces 
necessary to do both operations on the moon are almost exactly the same 
as if the explosion occurred on the earth, for mass and not weight is in- 
volved. The moving body would fly much farther on the moon, with its 
lower gravity, greater curvature, and more rarefied atmosphere, but l he 
pit whence it came would not he significantly larger than we would find 
on the earth j the debris would be somewhat more scattered. 

If the larger lunar craters are calderas of collapse, the need to invoke 
the aid of the moon’s weaker gravity does not exist; indeed, this factor 
could operate in reverse, for the rock layers would be relatively stronger 
than on earth and might Lend to prevent the collapse or to restrict its ex- 
tent. It may be doubled, however, that any considerable area of rock 
would long stand unsupported. Fractures are universal in terrestrial sur- 
face rock and hence presumably are present in the lunar rocks. 'The extent 
of such a crater would depend on the amount of material extruded or 
spewed forth. Since the time of Schroter, a century and a half ago, it has 
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been recognized that the rim materials oi most of the moon’s craters would 
just about fill up the pits. On the collapse hypothesis this condition would 
not obtain unless the subsidence followed the first major outburst. The 
original mountain before collapsing to form Crater Lake in Oregon was 
built up to a height of perhaps 12,000 feet over a period of perhaps sixty 
million years. The caving-in of a mountain after its disemboweling is well 
established as a normal process on earth. The usual caldera is oval with 
axes in the ratio of roughly 3:2. The essentially round lunar crater bears 
only superficial resemblance to the earthly caldera of collapse. 

It is manifest, therefore, that the craters of the moon are not counter- 
parts of terrestrial volcanoes. There is no single known example of a true 
volcanic cone anywhere on the moon’s visible hemisphere. A few domelike 
objects have a resemblance to small shield volcanoes which, from their na- 
ture, are normally nonexplosive. When the lunar crater form is analyzed, 
it is found that the broad, gently sloping rim and vast sunken basin have 
no counterparts in earthly igneous structures. This can only mean that, if 
the craters of the moon are volcanic in origin, strange unknown processes 
must be postulated. 

Once this point is acknowledged, the field is open. Many astronomers 
and others have availed themselves of the opportunity to let their imagi- 
nations run riot and have advanced and sometimes strenuously advocated 
other mechanisms in attempts to evolve a satisfactory lunar history. Some 
of these ideas border on the fantastic. Others, which are known to be in- 
correct, suggest authentic efforts to reach logical conclusions. 

Several of these hypotheses, not in chronological order, are interesting 
to review. 

Nasmyth and Carpenter conceived the craters to be of volcanic origin. 
In their book, The Moon, they made a serious attempt to modify known 
volcanic processes to fit the observed lunar conditions. They pictured a 
central orifice, much like that in a cinder cone or stratovolcano, spewing up 
finely divided and pyroclastic materials in a fountain-like manner. The 
debris was supposed to fait in a ring miles distant from the volcanic neck. 
As the explosions grew more violent, the inner edges of the ring would col- 
lapse inward, falling into the funnel, whence they would be re-ejected to 
greater distances than before, again building a raised ring. 

Slight modifications of this basic process, it was postulated, would give 
the wide range of forms now seen among the lunar craters. A slackening of 
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the volcano’s powers might produce a central mountain peak topped by a 
small summit crater. As at Etna, there might develop branch openings 
from the main neck, and from these would grow the additional mountains 
of the central massif. If the character of the eruptions were to change, the 
fountain might be replaced by a gentle flow of highly liquid lavas which 
would first cover the rough crater floor and then gradually rise, hiding 
more and more of the central peak. 

The entire sequence may be found among the lunar craters. Wargentin 
is filled to the brim; Albategnius shows a considerable flooding although 
the central peak is still prominent. The floor of Copernicus is probably 
raised slightly by lava; it appears to have been flattened, In Theophilus 
there is no trace of molten action. 

Numerous arguments may be cited against this hypothesis. The angle 
of repose for fragmental material is never reached, even in the tiniest lunar 
craters, on the average inner wall slope. Since this is so, a crater could not 
enlarge itself by a cyclical ejection process. In this same vein the outer 
slope of the volcano should also approximate the angle of repose, for basi- 
cally there is no difference between the proposed model and a terrestrial 
volcanic cone. 

It is not clear how Nasmyth and Carpenter accounted for the depressed 
floors of the craters. It is also difficult to understand why, on the volcanic 
hypothesis, the central peaks never attain the level of the surrounding ex- 
ternal plain. The drawings used to illustrate their hypothesis are faulty in 
this respect. So far only about 4 per cent of the central peaks in large lunar 
craters have been found to show summit craters although smaller ones 
might exist in some of the others. All would be so constructed if they were 
of volcanic origin. 

On the outer walls and surrounding plains of many craters, particularly 
the newer-appearing objects, are radial ridges and valleys. Nasmyth and 
Carpenter felt that they were similar to the great ribs of many of the ter- 
restrial volcanoes, especially some in the rainy climate of Java. On earth 
they are due primarily to erosion. On the moon it was felt that both ero- 
sion and lava flows should be called upon as partial explanations. 

The generic relationship between individual craters and the great ray 
systems was, of course, recognized by these American astronomers, but 
their interpretation was that the globe of the moon had, in numerous cases, 
cracked divergently from a center of disruption because of internal pres- 
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sures and that lavas had issued simultaneously from all cracks of a system 
and spread thinly over the ground. The possibility of these rays being 
caused by “vapours which may have issued through cracks and condensed 
in some sublimated or pulverulent form along their courses . . was also 
considered. 

S. E. Peals went to the opposite extreme. Far from claiming that the 
lunar craters were volcanoes, as did most early astronomers, he advanced 
the striking theory that the moon’s surface was icebound, in fact covered 
much more deeply than Greenland is today. Down under the ice, however, 
in the rocky layers, were numerous focuses of the moon’s internal heat. 
These heat zones melted the ice* forming pools of water. With the low air 
pressure existing on the moon, the liquid would quickly evaporate and 
then, because of the intense surrounding cold, would freeze into ice crystals 
and be deposited around the rim of the pool. 

This guess may be disposed of very quickly. It does not account for the 
jaggedness of the walls of the craters, the radial marks so often found, or 
even the central peak. It is certain that most of the lunar craters arc at 
least as old as the Cambrian period (chap. 10), and yet no serious amount 
of cold flow of the ice is found. 

Nicholson and Pettit (15) have measured lunar surface temperatures 
and found them to be as high as the boiling-point of water (standard con- 
ditions) at the subsolar point, a condition impossible to reconcile with the 
existence of ice. 

I he atmosphere at the surface of the moon is more than one million 
times more rare than that at the earth’s sea-level. This is almost a perfect 
vacuum. Even at 0° C. the vapor pressure of saturated aqueous vapor 
over ice is 4.580 mm, of mercury, or 1/166 atmosphere. To reach the ob- 
served maximum-density limit and still maintain an icy surface, the tem- 
perature could not rise above about —90° C. 

Since there is no observable lunar atmosphere, it may confidently be 
stated that there is no appreciable quantity of ice on either the bright or 
the dark side of the moon. 

One of the world’s greatest observers of lunar phenomena was W. II. 
Pickering, His investigations were largely concerned with the detection of 
variations in appearance of small sections of the surface which might indi- 
cate either periodic or permanent changes in the moon’s structure. As a 
result of his work he became profoundly dissatisfied with all existing ideas 
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about the origin of the craters, and so he developed a new theory of his 
own (24), which, however, appeared about simultaneously in England, 
France, and Germany. The main features were that the craters were 
formed in the early days while the moon still rotated on its axis relative 
to the earth and was closer to the earth than it is now. The primal crust 
was formed, when the moon began to cool, of material of lighter color and 
lighter specific gravity. While still thin, the crust was broached at numer- 
ous places by strains set up because of the tides caused by the earth’s 
gravity. Every half-rotation, the tidal wave would cause lavas to rise in 
the opening and spill out onto the surface where solidification could pro- 
duce the walls of the crater. Melting from the center would bring about 
the circular shape, Pickering felt that there was no evidence for the ex- 
plosive character of the craters. 

The larger craters would be formed during the thin-crust stage. As the 
shell became thicker and communication with the hot interior more diffi- 
cult, the craters formed became smaller and impinged on the larger early 
ones. 

Still later, when the shell contracted by cooling and solidification, the 
hot molten interior broke through the surface in much the same way as 
“now happens on a small scale in Kilauea, Hawaii.” This was the period in 
which the various maria were born, nearly half the crust being destroyed 
and dissolved, sinking and melting from several centers. 

On Pickering’s hypothesis the surface of the moon evolved relatively 
gently in a nonexplosivc manner, This is at utmost variance with the proc- 
esses as they are now understood. 

In modern geophysical thought there is serious question that any 
planet or satellite can develop a crust from the outside. The density of 
most crustal rocks is about 10 per cent greater than the corresponding 
liquids, and therefore a series of convection currents would be started and 
the solidification would proceed from the inside. The crust would be the 
last to be formed. However, the subcrustal matter, which may behave 
much like a solid, might easily liquefy if the pressure of higher layers were 
relieved, 

Pickering’s hypothesis may also be questioned from other points of 
view. The broaching of the crust by tidal action would be expected to oc- 
cur along great fault lines, Consequently, the tidal craters would naturally 
be aligned in well-defined patterns. A few such lines of craters have been 
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suggested, but in most cases the group parallels the terminator and the 
effect is purely optical. Such alignments may be drawn in numerous other 
directions on lunar maps, as, indeed, they may be found in any random dis- 
tribution. The distribution of lunar craters other than the few chain cra- 
ters, except as modified by the superimposed lavas of the maria, is random, 

If the moon once had a solid crust and a liquid interior, as Pickering 
proposed, then tides would lower the lava level near the poles and yield 
large fluctuations only close to the equator. The character of the craters 
should thus be a function or functions of the latitude. This is not observed 
to be so. 

A still different mechanism, which has little to recommend it except its 
novelty, is one of the early ones, Robert Hooke, in Micrographia {circa 
1667), suggested that tremendous bubbles, gas filled, rose slowly through 
the hot viscid matter of the primitive surface and then burst. Solidification 
occurred, leaving vast crater scars which became successively smaller as 
the viscosity increased. This theory was undoubtedly developed as a re- 
sult of watching hot mud flats which are known in many volcanic local- 
ities. Similar bubbles are to be seen in a pan of boiling fudge. Larger ones 
are famous in Arizona where in some of the congealed lava vesicules sev- 
eral men can stand. 

Intriguing as Iiookc's suggestion is, it is mechanically impossible to 
produce such vast bubbles as are necessary, often over 100 miles across, or 
to account for the presence of large, perfect craters such as Pythagoras, 
Copernicus, and Tycho, which obviously were formed long after surround- 
ing smaller objects. Other features such as the central peak could not be 
explained, and so the idea was quickly relegated to the limbo of forgotten 
things and has been resurrected only for historical reasons. 

Another strange hypothesis has recently been revived by Davis (25) ; it 
was first mentioned by Beard (26). The gist of this proposal is that the 
craters on the moon were not the results of meteoritic impacts or volcanic 
action but were formed in a manner similar to the coral atolls in our 
oceans. The coral island reefs are records of organic growth, and it is 
claimed that what we see on the moon are limestone formations and that 
the moon’s surface really is the bed of ancient seas in which coral atolls 
were formed by lime accretions. 

Pickering killed the idea of the past existence of large bodies of water on 
the moon when he said, “The lunar atmosphere, on account of the gravita- 
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tive constant, can never have been very dense, like our own, and the rapid 
evaporation from extensive lunar oceans under low pressure and exposed 
to the tropical rays of the sun would have produced deeply eroded valleys 
and extensive river systems, which are conspicuous on the moon only by 
their ah se nee” (24). 

J. E. Spun* (27) has proposed a model which is a composite of Hooke’s 
hypothesis and a form of vulcanism. He has divided the craters into three 
main groups: cirques, 1 caldera craters, and blowhole craters, with transi- 
tion examples between, His study comprised only the Mare Imbrium 
region: 

13 lowholc-c raters , , . arc among the most remarkable features of the moon's sur- 
face; they are numerous although they arc not conspicuous in size. . . . They arc cir- 
cular openings, quite smooth and regular, surrounded by a low and even wall. So 
smooth and even are the surrounding wall-ridges, and so smooth the curved walls of 
the pipe-like or funnel-like interior, that the illuminated area caused by the sloping 
sun shining into the interior is almost a perfect crescent . . . Tn some cases a blowhole- 
crater is surrounded by a small system of rays, commensurate with the small size 
of the crater; exceptionally, therefore, the outbreak was explosive. . . . 

The blowhole-craters are in some localities aligned, as if they arose along a line of 
weakness. 

To terrestrial eyes these “small 11 blowhole -era tors would not he unimpressive: the 
largest of those scattered on the Imbrian plain are around 5 miles in diameter, and so 
down to smaller dimensions. The size of the orifice is large out of all proportion to the 
outer wall ridge. The geometrically circular outlines preclude the supposition of the 
origin of the pipe by sinking; and there is no step-faulting around the inner margin, 
as is the case with the caldera -craters, it is difficult to account for their origin except as 
“blowholes” in the lava of the Imbrian plain, and that they were formed by rising gase- 
ous concentrations, at a certain critical period of the cooling, when the lava was still 
viscous— yielding enough to he pressed aside without shattering, firm enough so that 
the cylindrical or funnel shaped aperture of eruption was not closed by the inflowing 
of the walls. The rims are such as well might he accounted for by the pressing apart 
of plastic walls, bulging out on the surface. . , . 

It is seen that where the crust was tougher a moderate gush of gas would not over- 
come its resistance; a succession or accumulation of gushes would he necessary before 
the surface could he broken, dims, beneath the crust a lens, column, cushion, or mush- 
room of volatile material would be banked up; and the filial upheaval would he over 
wilier areas, producing caldera- craters or cirques. 

In the case of those, usually larger depressions, which have been formed by the 
pressure up, down, and laterally of gas accumulations under a restraining film, the 
ultimate form probably has depended both on the toughness and thickness of the film, 
and on the degree of fluidity of the substratum. Where the latter was very fluid, the 
cavity at the end was shallow and flat-bottomed, resulting from the immediate rising 

1. 'rius term “cirque,” as here used, docs not have a glacial connotation as it often does on 
the earth. 
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up of the floor after the escape of the gas lens; where it was move viscous, deeper 
calderas or cirques resulted, In the case of large depressions, the original gas-filled 
cavity was probably always fairly thick as well as wide; the rising of the bottom, 
after the deflation, determined the shallower or greater depth, and also the low or high 
marginal walls. 

The conclusion is that in some of the smaller dish- and caldera-cratcrs, at least, the 
present opening was entirely the result of the initial inflation and subsidence. . . . 

Spurr explains the substantial collar of coarse ejectamenta on the steep- 
er slopes of the outer walls of numerous craters as “probably the conse- 
quences of the bursting of the center of the inflation to form the crater/ 1. 

Certain objects, such as the strings of craterlets along faults west of 
Copernicus and elsewhere, are definitely igneous in origin. The great ma- 
jority of craters are not. The same objections pertain to Spurr's hypothesis 
as to that of Hooke. The strength-of-materials argument alone is suffi- 
cient to cause the proposal to be rejected; but, when it is realized that all 
forms of craters are to be found in other sections of the moon’s surface 
which obviously could not have been in a “plastic” condition at the same 
time as Mare Imbrium, the argument breaks down entirely. Tycho in the 
bright uplands is certainly similar to Aristillus on the Imbrian lavas, and 
yet Tycho is certainly postmare and post-“plastic” stage. 

H. G. Tomkins (28) has advanced another rather strange theory to ac- 
count for the lunar craters. It has recently received some backing from 
Marshall (29). In its main features it postulates a solid crust under which 
is formed a laccolith. Although they are not as well known as many other 
geological formations, there does not seem to be any serious question 
among most geologists that there actually are numerous laccoliths on the 
earth, but they can be found only by geological prospecting, for they were 
formed slowly and erosion almost kept up with their growth. 

A laccolith is typically a lens-shaped mass of igneous rock intrusive into layered 
rock. It lias a flat floor and is more or less circular in ground plan [30], 

Instead of spreading widely as a relatively thin sheet, an injected magma, especially 
if it is very viscous, may find it easier to arch up the overlying strata into a dome- 
like shape [31], 

Marshall (29) has quoted Tomkins; 

Consider what might have happened in the case of a laccolith which, originating 
on the Moon in a way similar to those on the Earth, instead of solidifying, continued 
(as some of those on the Earth doubtless did [— R. K. M.]) to force up more and more 
molten magma, and further and further to uplift the lunar crust. The result would be 
that the crown of the dome would not eventually burst like a bubble, but fissure com- 
paratively quietly, owing lo pressure from below, thus allowing the top of the dome 
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to fall piecemeal into the lava within, where it would probably melt or eventually be 
deposited on the floor. Until pressure was relieved, the dome itself from the base 
would continue to rise, and also, of course, to extend, and the lava with it, cracking and 
melting the edges at the top, and forming a lava lake which, as time went on, would 
grow larger and larger and bring down the overhanging walls, until they had practically 
all fallen in. At length a stage would be reached at which equilibrium would be es- 
tablished, and after that, as wc sec in the Hawaiian craters and others still on the 
Earth, only on a larger scale corresponding to the greater action at the time, the lava 
lake would subside, and in the end would leave a floor depending for its size on the 
extent of the upheaval, and for its form on the extent of the retirement of the molten 
magma, either above, equal to, or below the original level of the crust according to the 
extent of the evacuation, . , , The formation would he hollow, and the result ring-shaped 
in form and not a solid cone. . . . Central peaks, smaller craters or crate riots . . . would 
follow from the nature of the laccolith from which the formations themselves arose. . . , 
A central peak would no doubt arise from the central pipe in case of a subsequent 
minor eruption if the pipe were still open or not firmly dosed by cooling. If there were 
more pipes than one, more peaks would lie caused in the same way. 

[Marshall continues:] To clinch this argument we find laccoliths on the Moon. 
There are two near Arago, two others near Linnd, many in the neighborhood of Hor- 
tensius and Milichius (east of Copernicus), some in and near Darwin, and one east 
of Kies. Some are low and barely discoverable; others are high. Some are smoothly 
rounded, others have the beginnings of crater pits in their summits. Careful study will 
probably show a complete sequence of these formations, ranging from the lowest of 
elevations to craters half formed. 

The existence of a small number of low domes oil the moon is unques- 
tioned. The positive identification of these domes as having been caused 
by laccoliths is scarcely on as firm a foundation. However, even if they are 
laccolithic, can they be identified as incipient craters which somehow 
failed to complete the proposed cycle? 

The laccolith on the earth was formed from magma at a temperature 
only slightly above the freezing-point. In only one known example was the 
surface crust broached by the updoming and postulated melting process. 
This object lies east of Flagstaff, Arizona. It consists of a dome of igneous 
rock with a mantle of upturned sedimentary rocks on its flanks. No crater 
was formed in the fracturing of the crust, and there was little, if any, melt- 
ing of the sedimentary rock by the heat: of the igneous materials. It bears 
little resemblance to any structure on the moon. 

The supposed lunar laccolithic process represents an extrapolation from 
the known forms into the region of the unknown. The Hawaiian volcanoes 
are not of laccolithic character. 

The form of the typical large lunar crater (not the so-called “walled 
plain”) is best shown in the beautiful cross-section of Theophilus (Fig. 7) 




Pig. 7. — Measured section across Theophilus. (Redrawn from Pub. Obs. Mich., 6, No. 8, 6/, with vertical and horizontal scales equal) 
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derived at the McMath-Hulbert Observatory from their motion pictures 
(32). In no place is the floor flat. This is difficult to reconcile with the sug- 
gested lava-pool hypothesis. 

The rim craters, such as Thebit A on the northeast wall of Thebit, can- 
not have been caused by a laccolithic updoining. The magma would have 
broken through into the main crater before the dome could have properly 
developed. 

The lunar craters are usually surrounded by a zone of jumbled breccia,, 
much like that of the Arizona Meteoritic Crater, and often by radial mark- 
ings such as could have been caused only by violent explosive action. These 
are inexplicable on the Tomkins hypothesis. 

Schroter’s Rule, that the rim materials of the lunar craters would just 
fill the pit, is easily understood if the explosive nature of the craters is as- 
sumed. It is not consistent with any nonexplosive mode of origin. The 
rays, which are so conspicuous at many craters, find no explanation on a 
quiescent, fracturing, and melting model. 

Since the laccolith, to be effective, must raise a dome high above the 
crust, the pressures on the magma must be enormous, and, hence, if a 
stable lava level were ever reached, it would be above the lunar surface. It 
is strange that the pressures lasted just long enough to produce the craters 
and then were relaxed to allow the juices to withdraw below the ground. 
Over 99 per cent of the crater bottoms are sunken, often thousands of 
feet. The Wargen tin-like craters are extremely rare, and, while they cer- 
tainly froze while filled with lava, the liquids did not necessarily arise from 
laccoliths. 

All the lunar domes so far identified are found on the great lava flows. 
None has been seen in the bright uplands. This seems to imply a generic 
relationship which is at variance with the fact that the bright regions arc 
densely crowded with craters. 

With so many physical facts opposed to a highly speculative hypothe- 
sis, there is only one choice to make. The Umar craters were not formed by 
laccolithic intrusions and upclomings or by any other nonexplosive method . 
The evidence is conclusive in this respect. 

Numerous theories of the origin of the moon's craters have been pro- 
posed and found wanting. Many variations of these have also been sug- 
gested. The earliest; mechanisms were advanced as far back as the first 
telescope. A few are recent. The modern theory that craters could be 
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formed by meteoritic impact is relatively new. The basic idea was first 
formulated by the German astronomer Gruithuisen, but the credit is gen- 
erally given in the literature to Proctor (33). Newcomb (34) referred to it 
as an astronomical curiosity* 

Although the impact theory was proposed during the last century } it 
was not stated in the present form and many scientists refused to accept it. 
The original idea was that vast meteorites struck the moon with terrific 
violence. The mechanical force of impact gouged out craters by a splashing 
process in a semiplastic lunar crust. Much local melting was supposed to 
have occurred. It was not realized that the high velocities of meteorites 
implied extreme kinetic energies and that, upon the sudden stopping, 
these energies must have been released so rapidly that the portions of the 
meteorite and ground which were in contact were vaporized; the main 
mass of the meteorite was relatively unaffected by the generated heat and 
little liquefication occurred. The resultant explosions were capable of 
blowing gigantic craters in the rocky lunar crust even though the mete- 
orites were tiny relative to the size of the craters. It is entirely unnecessary 
to call upon a plastic crust. 

Experiments conducted by the United States Army Ordnance Depart- 
ment during the recent war have shown that inert missiles will explode on 
striking a solid at 4-5 miles per second. 

Shaler (35) attributed the maria to impacts from bodies 5-10 miles in 
diameter but, like Humphreys, preferred a model based on nonexplosive 
ebullition of lava to account for the craters and mountain ranges. The lat- 
ter were formed, they thought, from very viscid lavas; the Altai Moun- 
tains were born in this manner and by accompanying faulting. 

Nblke (122) has concisely summarized several theories of the origin of 
the lunar surface features in his treatise on our planetary system. lie leans 
in the direction of a meteoritic impact mechanism but specifically limits 
the meteorites to fragments formed as by-products of the separation of 
earth and moon. The craters, on his hypothesis, developed from the low- 
velocity impacts of these small bodies and the moon very early in the lat- 
ter’s history while the earth and moon still possessed a common atmos- 
phere. 

As the recession of the moon proceeded, the height of the tidal bulge de- 
creased. Hence, Nolke feels that the moon’s surface area became smaller 
and then great faults developed, releasing the inner magmas to form the 
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maria. Over- and underthrusting accounted for the mountains of the type 
of the Apennines. The lava flows themselves are now depressed because 
they have overlain the broken crustal areas. 

There is no reason to believe or to disbelieve that the lunar craters were 
formed by low-velocity impacts. Either high or low speeds could have pro- 
duced the observed explosion pits. The higher the velocity, the smaller the 
meteorite necessary. However, it is not now believed that the earth and 
moon were ever combined into one mass. Jeffreys (10) demonstrated this 
after Nolke’s volume was published. Until further evidence is found, it 
must be assumed that high-velocity meteorites were somewhat more prob- 
able than the slower objects as the source of the moon’s craters. 

Nolke suggests that the central mountain peaks of the craters are the 
remnants of the original meteoritic bodies, but inspection of the profile of 
Theophilus (Fig. 7) shows clearly that the mountainous mass there is too 
large to be the meteorite, for at any possible striking speed the available 
energy would have been far too high to have yielded as small a crater as 
Theophilus. 

It is less easy to follow Nolke’s reasoning with respect to the maria. As 
the moon departed and the tidal bulge faded, the area of the moon would, 
of course, decrease with accompanying compression, unless the cooling of 
the moon’s interior caused a compensating reduction of volume. On the 
earth the reduction in volume of the core has led to the formation of long 
linear ranges of folded mountains. On the moon all mountain ranges are 
portions of nearly complete circles. It would appear that the basic moun- 
tain-building forces were different in the two examples. If one is a surface 
compression, the other probably is not of that type. It is easy to account 
for linear foldings by appeal to tangential forces. It is not clear how these 
forces could lead to circular structures. The mountain-bordered maria are 
never symmetrically placed with respect to the tidal bulge. 

The great and versatile G. K. Gilbert (36) in his address as retiring 
president of the Philosophical Society of Washington in 1892 came the 
closest of all to formulating the main process by which the major lunar sur- 
face features are believed to have been chiseled.- He identified the craters 

2. Gilbert’s address was brought to the writer’s attention by R. A. Daly, professor emeri- 
tus of geology, Harvard College, during an exchange of letters discussing two short papers 
which the author had published covering the interpretation of the markings radial to Mare 
Imbrium and other maria. This is a beautiful example of the old truth that information, once 
lost or hidden, will again he discovered independently. 
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as having been produced by me tear i tic impact, after having eliminated as 
impossible other proposals previously advanced to account for these struc- 
tures. However, he made the error, common at that time, of assuming that 
the pits were formed by mechanical impacts rather than by tremendous 
explosions. The relative lack of oval craters led to an arbitrary assumption, 
which cannot be justified, as to the paths the meteorites could follow. 

Gilbert's greatest contribution was the realization that the peculiar 
orientation of certain grooved markings relative to Mare Imbrium made it 
clear that an explosion vast beyond comprehension had occurred near the 
center of this sea and had hurled much material at high speeds radially in 
all directions. He attributed this explosion to the impact of a great mass 
and called Mare Imbrium the moon's biggest crater, instead of a structure 
larger than, associated with, and subsequent to the original crater (chap. 
11). Strange as it seems, Gilbert did not realize that several others of the 
maria are smaller editions of Mare Imbrium and have similar associated 
features. Unfortunately, Gilbert's great ideas were never generally known 
to astronomers, and hence selenology did not take the big step forward it 
might have made fifty years ago. 

It can easily be shown that upon any reasonable hypothesis the mete- 
orites must strike the lunar surface at all angles from horizontally to ver- 
tically with small angles being more common than large. The absence of 
large numbers of elongated craters was a stumbling block in the way of 
early acceptance of the mcteoritic impact theory, but when it was realized, 
first by Gifford (37), that the crater was not caused by the original blow 
but rather by the violent, explosive struggle of suddenly generated gases 
to escape, the regularity of the crater forms coulcl be explained and the 
theory of the suggested process adopted. 

It should be pointed out that for the first two centuries after Galileo the 
existence of meteorites themselves was questioned. It was not until great 
amounts of evidence were collected that it was agreed that bodies could 
fall from heaven. 

Pickering has objected to the mcteoritic origin of the lunar craters on 
the ground that accretion of meteoritic masses in space would cause their 
average size to increase, and lienee the most modern craters would be the 
largest ones. The latter is not observed to be the case. 

It can be answered that the observed meteorites which are now striking 
the earth are still so small, usually, that it is evident that accretion has 
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not been a very powerful factor in sweeping the solar system clear of tiny 
masses. 

It has also been stated as a criticism that there are far too many exam- 
ples of small craters formed on large craters and too few large craters over- 
lapping the smaller pits. Two points must be considered here. There are 
only about 150 craters larger than 50 miles in diameter; there are perhaps 
200,000 visible craters smaller than this limit. On a distribution random in 
both space and time, we should not expect many large craters to be super- 
imposed on others of similar size, but we should expect exactly as many 
small craters under the large ones as above. However, if the large crater 
were formed after the small one, it would obliterate the latter. Only if a 
fairly large proportion of the small crater projects beyond the rim mate- 
rials of the larger crater will the overlap be recognized. These statistical 
conditions are realized on the moon. In any given region there is approxi- 
mately a random spatial and a random temporal distribution of normal 
craters. 

Most of the arguments against the meteoritic origin of lunar craters 
have been raised largely because of incomplete knowledge of the nature of 
the physical processes which occur when a large, rapidly moving body 
strikes a solid surface. It is true that many details are still unknown or 
have been but imperfectly glimpsed, but sufficient data have been gath- 
ered and will be reported in subsequent chapters to show that there is no 
single observed fact which runs counter to the impact theory and that 
there is a whole host of observations which point unambiguously in that 
direction. This is not the case with any other hypothesis so far advanced to 
explain the lunar craters. 

It can he stated, consequently, that all observations point to the con- 
clusion that the great majority of the lunar craters were born in gigantic, 
explosions, that these explosions were caused by the impact and sudden 
halting of great meteorites, and that the main features of the moon’s crust, 
were established in the first quarter of its life as a satellite. 

These points will be demonstrated. 
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pale light crossing his field of view. Two lovers, strolling arm in arm, find 
romance in a shooting star which flares and dies in a brilliant sky. Idly 
each makes a wish as millions have done for ages past. An entire section of 
a countryside comes rigidly to a pause, all eyes upraised, as a mighty pen- 
cil of flame hurtles in a vast arc, lighting the world below. 

These are familiar occurrences. Everyone knows the shooting star, or 
meteor. Even the very bright ones are accorded only a line or two in the 
newspapers. Yet how many stop to think that each meteor records the 
death of a tiny world, a body as old or older than our own earth? 

Under average conditions on clear, moonless nights an observer will 
note about ten meteors per hour (13). As only a very small portion of the 
earth’s atmosphere can be seen from any one place, it can be calculated 
that this small number actually represents per day over the entire earth a 
total of more than seventy million meteors bright enough to be seen by the 
naked eye. The total daily mass of meteoritic material striking the earth’s 
atmosphere has been estimated to be approximately one ton, Half of this 
comes from meteorites which crash through the air and land on the sur- 
face. The rest gradually drifts down in finely divided form— the residue 
from tiny burned-out meteorites. Over the last 2,000,000,000 years accre- 
tion at this rate would have yielded a layer over all the earth approxi- 
mately 1 cm, thick. 1 1 


• It is clear that existing data indicate a rapid decrease in the numbers of 
meteorites as then- masses increase, but it would be unwise to attempt an 
extrapolation which might tell how many meteorites of extreme mass 
would stnke the earth in any given time interval. The necessary facts 
simply are not known. Numerous small meteoritic masses reach the 
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ground daily, but these merely represent the remains of larger bodies 
which have been so slowed up by the resistance of the air that they have 
reached terminal velocity. 1 They do not possess high velocity or high ki- 
netic energy. The frequency of collisions between the earth and meteorites 
massive enough to penetrate the atmosphere and strike the surface with 
a high velocity is exceedingly low. In all recorded history only one such 
impact has been observed, that in Siberia in 1908. 

Nevertheless old Mother Earth shows a somewhat pock-marked face. In 
recent years it has become increasingly apparent that there exist numer- 
ous small craters on the surface, which, beyond the shadow of a doubt, 
were produced by the explosions resultant from the impacts of high-veloc- 
ity meteorites. 

Scientists, as a rule, are derived from a cautious strain, They demand 
proof of statements, hypotheses, and theories before accepting them; but, 
then, having established the validity of a thesis, they will use it as a foun- 
dation on which to build further progress, 

So it has been in the field of mctcoritic study. Even as recently as the 
time of Thomas Jefferson, that esteemed gentleman questioned the au- 
thenticity of certain stones reputed to have fallen from the sky. Inevitably 
the proofs of the interstellar and interplanetary nature of these bodies ac- 
cumulated until even the general public came to accept meteors and me- 
teorites for what they arc. 

When these facts became evident, attention was directed to the possible 
effects meteorites might have upon the earth, in particular to the search 
for and recognition of the regions where high-velocity meteorites had land- 
ed, Progress was slow, however, and it was not until the turn of the pres- 
ent century that the Barringers (38) positively identified the Coon Butte 
crater of Arizona as having been caused by the impact and explosion of a 
large nickel-iron meteorite. The principles and criteria with which the 
Barringers worked are still accepted as standard today. All the more fa- 
miliar forms of crater genesis, volcanic action, steam blowouts, sinks, etc., 
must be eliminated. Mctcoritic material or derivatives f rom it must be dis- 
covered associated with the crater. Then and only then is the structure con- 
sidered as being of proved metcoritic origin. 

The process by which a small meteorite forms a moderately sized crater 

1. The velocity is controlled by a balance between air resistance and gravity, i.c., a free 
fall. 
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is purely one of explosion. Other processes enter into the production of the 
gigantic pits such as we see on the moon (chap. 10), but the known ter- 
restrial meteoritic craters were all blasted into being by the almost instan- 
taneous release of the kinetic energy of motion of the mass. In all but the 
very smallest bodies, meteorites reaching the surface of the earth will pos- 
sess far more energy than an equal mass of any known chemical explosive. 

Gifford (37) was probably the first to point out that such craters could 
be formed by explosion rather than by the simple process of splashing, at- 
tendant upon the impact of a high-velocity punch. He demonstrated the 
great enetgies developed in collisions of the moon with meteorites and the 
corollary that great meteoritic masses were not necessary. From these, he 
drew the correct inference that even oblique impacts could lead to circu- 
lar craters. 

Numerous studies made by the United States Army and Navy show 
conclusively that shells and bombs, regardless of striking velocity, are 
stopped in the ground within 0.1 second. The higher the velocity of im- 
pact, the greater is the rate of deceleration and the more rapid is the rate 
of release of energy of motion. Even the high-velocity meteoritic masses 
moving more rapidly than the velocity of shock waves in the earth’s crust 
must he brought to rest within a small fraction of a second. 

Hence the three conditions necessary to the formation of an explosion 
crater are fulfilled. The meteorites bring with them large quantities of en- 
ergy and the energy is released rapidly, close to the surface. 

In the following pages ate Inief descriptions of the relatively numerous 
small craters which are known to be meteoritic. 


AMERICAN CRATERS 
THE GREAT ARIZONA CRATER 

Between Flagstaff and Winslow in a level plateau of sedimentary rocks 
lies the greatest authenticated meteoritic crater of the world. It was 
brought to attention in 1891 by the discovery of meteoritic iron near by. 
For many years previously it had been called Coon Butte, for its upraised 
nm, as seen from a distance, resembled, somewhat, one of the flat-topped 
buttes which are frequent in those regions, 

Although the nearest extinct volcanoes are only 30 miles away in the 
San Francisco Mountains and there are old lava flows within 10 miles it 
was quickly realized that the structure was not volcanic in origin although 
it was once suggested that a steam explosion formed the pit. 
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Aerial View op the Arizona Meteorite Crater (Official Photograph U.S. Air Forces) 
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At present the crater is about 4,150 feet in diameter and is roughly cir- 
cular. Exact mapping of the region has brought out the interesting point 
that the rim, which rises from 120 to 165 feet above the surrounding plain, 
is not perfectly round but tends to be polygonal. The present depth is 
about 570 feet from the rim to the floor, which is covered with lake de- 
posits roughly 100 feet thick, indicating an original depth of nearly 700 
feet for the crater. 

Drilling has shown that undisturbed sandstone lies 620 feet below the 
present bottom, and to reach this depth the drill must pass, first, through 
a thick layer of fine rock flour (pulverized sandstone) and, then, through 
crushed and metamorphosed sandstone. Great quantities of rock flour 
were created, some to remain in the pit, some to be scattered broadcast. 
Barringer (38) calculated that about fifty million tons of this powder were 
thrown out of the crater, perhaps 15-20 per cent of the total mass ejected. 
Occasional fused and spongy rock fragments known as silica glass are to 
be found, both in and around the crater, and some of these contain tiny 
particles of nickel iron. 

Thousands of small metallic meteorites weighing from an ounce or so up 
to one thousand pounds have been recovered over a large area adjacent to 
the crater. It seems certain that the main mass was shattered in the explo- 
sion and that many of the fragments were ejected along with great num- 
bers of rock particles and blocks as far as 6 miles from the rim. Visitors 
have long since removed most of the surface meteoritic material, but more 
is still being found by electrical and magnetic detectors, buried beneath 
the surface. No sizable metallic fragments have been found within the 
crater. 

Some of the pieces which have been exposed to the elements for long pe- 
riods have been converted more or less completely into shale balls--- sand 
grains cemented together by iron oxides. 

The Barringers sent numerous drill holes into the crater bottom but, 
having found no meteoritic material, continued the drilling in other sec- 
tions of the floor and rim. Those drill holes in the southern part of the 
crater floor went deepest before striking the undisturbed rock layers. The 
peculiarities of the rock structure also suggest the southern section of the 
crater as the focus or center of the explosion. This implies that the mete- 
orite came from the north at an angle of perhaps 45°. 

The rim of the crater slopes gradually outward and reaches the level of 
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the surrounding plain in about one quarter of a mile. The rock strata 
(carboniferous) in tlve northern rim, as evidenced by the exposed sections, 
have been forced up and now dip outward at about 5°, but this radial dip 
increases in each direction until the strata stand nearly vertical in the 
southwest and southeast. All along the southern rim the layers have been 
uparchecl to a maximum of 100 feet. The rock layers of the crater thus ex- 
hibit a distinct bilateral symmetry as contrasted with the nearly radial 
symmetry of the pit. 

The radial uparching of the rock layers is a direct consequence of the 
fact that the effective upward force of the explosion is very much greater 
than the downward force of percussion. Hence the rocky strata around the 
crater walls are blown up and dip radially outward instead of toward the 
center as might have been expected. This uparching must be a common 
feature in all large explosion craters. 

A drill forced through the southern rim went 1,200 feet deep before it 
encountered a region in which there were increasing amounts of mete- 
oritic material. At 1,350 feet there was 75 per cent nickel iron, which made 
the boring exceedingly difficult. After a few feet through this region the 
drill stuck and could not be withdrawn. Electrical and magnetic measure- 
ments give indications that a considerable amount of mcteoritic matter 
lies near this spot, but the exact location, quantity, and state arc not 
known. It may be that a large portion of the meteorite was left here by the 
explosion of the main mass, or perhaps there is only a dense local grouping 
of small fragments. An attempt was then made to sink a shaft outside the 
crater to 1,500 feet and then to strike horizontally toward the supposed 
meteorite, but when a heavy flow of water was encountered at 640 feet, 
the project was abandoned after the expenditure of $293,000. 

Fairly complete maps have been drawn of the nature of the crater itself 
and of the surrounding rock strata. Essentially nothing is known of the 
effects this impact and explosion had on the underlying layers. An exact 
determination of the type and degree of change which has occurred would 
be not only extremely interesting but of major importance to astronomers 
and particularly to geologists, for it would deliver into their hands a pow- 
erful tool to use on the problems concerning the past history of the earth. 

Niningcr (39) gives a graphic description of the fall of the meteorite as 
it might have been witnessed by some ancient Indians, but other authors 
feel that the crater cannot be as recent as Niningcr would imply. The con- 
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clition of the crater and the existence of the rusty balls of iron shale indi- 
cate that it was not formed recently. It may be five thousand to fifty thou- 
sand years old, but even these estimates show that the structure is ex- 
tremely young, geologically speaking. Legend has it that there is an addi- 
tional smaller companion crater father north, but this has never been 
located, if indeed it even exists. 

Early guesses as to the size of the meteorite were in the neighborhood of 
500 feet. Wylie’s (40) recent estimate suggests that it was of the order of 
50 feet in diameter. 

TIIE TEXAS CRATERS 

In western Texas, not far from the town of Odessa, lies another great 
American meteoritic crater. It is smaller and far older than the one in 
Arizona and differs in that it is accompanied by at least two additional 
smaller craters. The main crater was discovered in 1921 . It is in a region of 
horizontal, light gray limestone strata, and because of its age the crater 
has been eroded and filled in to the point where it is not conspicuous. Ac- 
cording to the contour map of Monnig and Brown (41) the diameter is 550 
feet with a greatest depth of 14 feet. They suggest that erosion is the cause 
of the present irregular form. The rim averages 7 feet high now, occasional- 
ly rising to 12 feet. It is marked by numerous rock fragments. The rock 
strata where they are exposed as outcrops on the inner slope dip 20° to 
30° radially outward. They are buff colored, for they contain numerous 
minute particles of iron oxide. 

Nininger has gone over the crater and surrounding area with a magnetic 
plow and collected 1 ,500 metallic fragments ranging up to eight pounds. 
Magnetic measurements by Sellards (42) indicated a rather large mass 
under the crater, 164 feet from the surface; but, when it was reached by 
shaft, it was found to be a very hard, firmly cemented sandstone, quartz- 
itic: in nature. Calculations suggest that a total mass of the order of one 
hundred tons, perhaps less, formed the main crater. 

The Bureau of Economic Geology of the University of Texas has under- 
taken the excavation of the craters. Sellards and Evans (43) report that 
the crater bottom originally was 90 feet below the surrounding plain and 
that the base of the rock flour formed in the pit lay 13 feet farther down. 
It is clear that the explosion did not clean out the pit, i.e., much fragmen- 
tal and pulverized material stayed in or fell hack into the crater. Thisphe- 
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nomenon is well known in shell craters, on one hand, and in the Arizona 
crater, on the other. The rim must have risen about 40 feet. 

The vertical cross-section of the Odessa crater, as given in Figure 8, 
shows that the tangential thrust of the explosion compressed the rock lay- 
ers until they buckled, producing a ring anticline surrounding the pit, un- 
der the upraised rim. It exhibits bilateral symmetry. 

Digging within the pit has brought to light an amazing fact. Normally 
the age of a meteoritic crater is nearly indeterminate. One can merely say 
that the crater was not formed within historic times and is younger than 
the youngest of the disturbed rock layers. In the case of the No. 1 Odessa 



Fig. 8. Section across Odessa meteorite crater (redrawn from 43); l, latest silt and sand; 
2, older silt, sand, caliche, and pebbles; 3, fragmental rock; 4, rock Hour. 


CLatei a fossil hoisc, long extinct in North America, was discovered buried 
in material deposited within the crater proper (43). The origin has thus 
been pushed backward many thousands of years. The crater was formed 

from 22 feet of Cenozoic sediments overlying nearly 200 feet of Cretaceous 
strata, 

Crater No. 2 lies near by. It has been rather completely excavated and 
was found to have been, originally, 70 feet in diameter and 17 feet deep. 
The pit does not go down to bedrock but is entirely surrounded by inco- 
herent material. A maximum of 6 feet of fragmental rock fell back into 
this crater, probably from No, 1. 

I he sectioning of this pit has proved to be of prime importance. Ap- 
proximately one thousand small meteorites have been recovered from the 
layers of material immediately underneath the crater. Many more still re- 
main buried. Estimates of a total weight of six tons of meteoritic material 
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have been made, but this seems rather high, It has been suggested (43) 
that No, 2 was formed by the combined energies of a swarm of small 
masses, but this seems improbable because the ballistics of small masses 
are far different from those of larger size. If the meteorites which produced 
the three known craters differed greatly in mass, they would not have 
landed so close together. It seems more probable that crater No. 2 was 
formed from the impact of a single body, which then exploded, driving nu- 
merous smaller fragment masses from a few inches to 3 feet or more into 
the bottom and sides of the crater. The pit thus represents a transition 
type in which much of the meteoritic material remains in the pit. 

A third crater, much like No. 2 but smaller, has also been identified. 
Magnetometer surveys show several other magnetic highs, so there may 
be other small craters near by. 

The Odessa group was produced by the collision between the earth and 
a small cluster of meteoritic masses. As will be seen, many of the other re- 
cently discovered meteoritic craters occur in bunches, hence it may con- 
fidently be inferred that numerous small swarms of metallic bodies, prob- 
ably held together by mutual gravitational forces, travel together through 
space. 

THE KANSAS CRATER 

A small buffalo wallow near Brenham, Kansas, was excavated in 1933 
by Nininger (44), that tireless searcher after craters, meteorites, and mete- 
oritic information. It turned out to lie a real meteoritic crater, 10 feet deep 
and of oval shape, 56 feet long and 36 feet broad, with the long dimension 
lying WNW. to ESE. Nininger found, within the crater, several mete- 
orites weighing up to 125 pounds, along with hundreds of small partly 
oxidized meteorites. 

THE argentine craters 

At Campo del Cielo in the Gran Chaco of Argentine is a large group of 
small meteoritic craters which Watson (13) says may turn out to be the 
world's largest group. Occurring in a region of many depressions and 
small lakes, the recognized craters range from 20 to 254 feet in diameter 
but are Idled in with debris until they appear as round, shallow depres- 
sions, with the rim of the largest having been eroded so that it rises only 
4 feet above the surrounding painpa. Laguna Negra occupies this pit. On 
the surface many pieces of large and small meteoritic: iron, the largest 
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weighing about fourteen hundred pounds, have been found since the dis- 
covery of the craters in 1576. 

One of the craters, 175 feet in diameter and 16 feet deep, has been par- 
tially excavated. Beneath it were found “white ash” and “transparent 
glass” and small bits of nickel iron. These, of course, are identical with the 
rock flour and silica glass which are standard materials at other moteoritic 
craters.' 

As Spencer notes, “There are other suggestive features worthy of in- 
vestigation in this district. Many small lakes and pozos are scattered 
around; and in particular a chain of small lakes extends southward from 
the spot where the large masses of meteoritic iron have been found for a 
distance of nearly 100 miles into the province of Santa Fe” (45). 

THE AUSTRALIAN CRATERS 
THE CRATER GROUP AT HENIHJRY 

The fall of the Karoonda meteorite on November 25, 1030, in central 
Australia led to the organization of an expedition under Professor Kerr 
Grant. This expedition brought back word that natives had found frag- 
ments of meteoritic iron surrounding several crater-like depressions near 
the Hcnbury Cattle Station. The number of craters was variously esti- 
mated as three and five. When this information became available, the 
South Australian Museum commissioned A. R. Alderman to survey the 
area. 

Alderman visited the site and gathered as much pertinent data as pos- 
sible. From his report it is evident that the view of the craters is decidedly 
unimpressive. They lie in an arid region, and from a distance the only in- 
dication of the craters is the presence of green mulga trees. In spite of the 
paucity of rainfall, only about 6 inches per year, the inwash of rain has 
partially filled them up. The finer sediments formed a hard, almost im- 
pervious layer which holds water longer than normally. As a result the 
mulga tiees, which are usually confined to the water courses, grow in 
several of the craters, aiding in their identification. 

Brief descriptions of each of the thirteen recognized craters follow. They 
arc numbered according to Alderman (46), who predicts that there 
are additional pits still to be found. All the craters lie in a square one-lmlf 
mile on the side. 
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The Henbury series, modified as it is by erosion and infilling, beauti- 
fully demonstrates the transition from a small crater formed by simple 
splashing or gouging of the ground to the true explosion crater in which 
the meteorite is broken up into small bits, most of which are backfired out 
of the crater. 

Crater No. 1 has been completely removed by erosion. All that remains 
is a clay-pan floor and numerous surrounding fragments of nickel iron. It 
was probably circular and about 75 feet in diameter. 

Crater No. 2 was similar to No. 1 but slightly larger. It may have been 
90 feet in diameter. 

Crater No. 3 is larger, being 135 feet in diameter, and still shows a 
slightly raised rim. The pit has been largely filled in but is still 10-18 feet 
deep. Within the crater a thirteen-pound meteorite was found, and near 
by lay 160 fragments, many of which were small. Eighty per cent of these 
masses were found to the west of the depression. 

Radiating outward from the crater walls into the plain for about 90 
feet can be seen five or six low ridges of sandstone, apparently identical 
with that found anywhere in the neighborhood (Ordovician age). They are 
a few inches high and consist of small blocks whose surfaces are blackened 
due to weathering, hence they may be easily distinguished from the pre- 
vailing reddish color of the surroundings. Traces of similar ridges may be 
seen around other craters, particularly No, 4, but in no case are they as 
well defined as at No. 3. 

Crater No. 4 is identical with No, 3. Of about five hundred fragments of 
nickel iron associated with this crater, four hundred lay to the west. One 
hundred of these were in an area 6 feet square. This suggests the breaking- 
up of a larger body. 

Crater No. 5 is the same size as No. 1, which it much resembles, except 
that low walls, 4 feet high, still remain. A shaft sunk in this crater passed 
through 8 feet of fine soil before coarse rock fragments, apparently washed 
in from the walls, prevented further digging. 

Crater No. 6, known as the “water crater,” is roughly circular, 240 feet 
in diameter and from 12 to 25 feet; deep, and is the larger of two adjacent 
to the main crater, No. 7. A water course, normally dry, has broken 
through its walls, and after each rain the crater is flooded, the moisture be- 
ing retained for some weeks. Mulgas and acacias, larger than usual, grow 
in the pit. Some of the latter are 45 feet high and 21 inches in diameter. 
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The walls of the water crater are highest on the side abutting the main 
crater, 

Crater No. 7, the main crater, probably should be considered as being 
two craters formed by the nearly simultaneous impact of the two largest 
meteorites, for it is oval, 660 feet by 360 feet at the surface. The depth 
aveiages 40-50 feet and, in places, is 60 feet but quite obviously was once 
much greater, lhe walls are of the usual form, steep near the summit and 
with talus slopes at the foot. They are mainly formed of shattered and 
crushed fragments of sandstone and slaty rock, varying from the finest 
rock flour to large blocks several cubic feet in volume. 

Black, glassy material was found north of the main crater. Alderman 
desciibed it as being like the glass of fulgurites (lightning tubes), vesicular 
in some cases, containing rock fragments in others, It is certainly heat- 
fused rock, the silica glass so well known at other meteoritic craters. 

Relatively few metallic fragments were found on the surface near the 
larger ciateis. A. small number were near the silica glass from the main 
crater, but probably most of the pieces were covered up by erosion from 
the iim. Most of those which were found were in the water courses. 

Ciater No. 8 is large and well defined although rather shallow. It is 
about 175 feet in diameter but is only from 3 to 15 feet deep. Like No. 6, 
the walls are highest on the side next to the main crater, 

Ciatei No. 9 is ill defined and doubtful. The topography suggests a 
small crater. 

Ciater No, 10, like Nos. 11, 12, and 13, is situated on a low ridge of 
sandstone to the south of the larger craters. It is circular, about 60 feet in 
diameter, with low walls. 

Ciatei No. 11 is small and circular, about 45 feet in diameter. It has 
been partially excavated without the finding of any iron. 

Crater No. 12 is very well defined. Although it is only 60 feet in diam- 
eter, its walls still reach 12 feet on the highest side, the one toward the 
ridge. 

Ciater No. 13 is small and rather indefinite. It is about 30 feet wide and 
only 3 feet deep. Bedford, in 1932, found four masses of 292, 120, 24, and 
5 pounds in this pit, buried 7 feet below the bottom under broken blocks 
of sandstone. This is the first instance of a considerable mass of meteoritic 
iron found buried in a crater. It clearly represents a case in which the 
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mechanical impact rather than the subsequent explosion produced the 
crater. Bedford showed that all four pieces came from one mass. 

About two thousand pieces of nickel iron have been collected over the 
entire region by various men. The 292-pound mass is the largest. The ma- 
jority of these fragments is curiously twisted. Etched sections of these 
show that the bands of the lamellar structure are bent and crumpled. The 
pieces were undoubtedly torn from larger masses by the force of the ex- 
plosions which made the craters. Larger pieces with the normal pittings of 
mcteoritic irons are seen in etched sections each to consist of the usual 
large crystals. The normal lamellar octohedral structure (Widmanstatten 
figures) extends up to the very edge of the mass without any granulation 
of the kamacitc. This clearly proves that these masses are merely the 
weathered remains of still larger masses, the cores of which had not been 
raised to a temperature of 850° C. by the conduction of heat from the 
outside. It shows that meteoritic collisions happen so rapidly and are so 
violent that most of the matter in the explosion region is either vaporized 
or else not seriously heated. Very little liquefaction occurs. 

No one knows how old these craters are. Trees hundreds of years old 
are found in the pits. Some of the meteorites have been completely oxi- 
dized, which implies a great age, as the climate there is extremely arid. 
Bedford suggests that the craters are not ancient. Alderman believes that 
they are thousands of years old, and yet the natives seem to have a tradi- 
tion that they were produced in a fiery explosion, for they call the place 
“Chindu chinna waru chingi yaku,” which means “Sun walk fire devil 
rock.” Old blacks would not camp within a couple of miles of the craters. 
How long such a legend would he handed down is a moot point, but there 
does not seem to be any way for the natives to associate light and fire 
with these depressions in the ground unless their ancestors actually had 
witnessed the landings and resultant blasts. 

THE BOXIIOLE CRATER 

In 1937 another large but ancient meteoritic crater (47) was found in 
Australia about 200 miles northeast of Henbury. It apparently is similar 
to the main crater at Odessa, being about 600 feet in diameter. The pit lias 
been filled in until it is now only 50 feet deep, i.e,, probably about half its 
original depth. 

Shale balls, meteoritic fragments, and a 180-pound meteorite have been 
identified near by j otherwise practically nothing is known of this fall. 
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THE DALGARANGA CRATER 

A smaller crater (48), 230 feet wide and only 16 feet deep, was located 
in 1923. Around the rim, primarily on the northwest side, the rock layers 
have been shattered and tilted up. Many of the meteoritic pieces found 
near by had been warped and twisted in a manner reminiscent of those at 
the Iienbury fall. 

THE EURASIAN CRATERS 
THE ESTIIONIAN CRATERS 

On the large Baltic island of Oesel another of the groups of multiple 
craters is found (49), The largest of the six pits, the Kaalijarv, appears as 
a wooded knoll, 20-25 feet high. Beyond the tree-covered rim, the crater 
itself becomes visible. It is nearly circular with diameters ranging from 
300 feet to 360 feet. Much of the crater is filled with a lake 200 feet across, 
so a careful study of the pit has not been made. It appears to be about 50 
feet deep, rim to lake bottom, and it is known that the underlying rock 
layers are shattered. 

The Kaalijarv has been known since 1827, and many bad guesses have 
been made as to its origin. Some of the earlier thoughts were that it was a 
man-made battlement, a karst weathering of limestone, or even that it 
was produced by the solution of salt in a salt dome. These wild guesses 
completely ignored the fact that the region showed all the characteristics 
of a crater born in a violent explosion. It has the upraised rim with steep 
inner and gradual outer slopes. There are numerous blocks of rock and 
other shattered ejectamenta, and the local rock strata have been upraised 
until they clip radially outward at angles up to 30° or 40°. 

The normal geologic structure of the island is that of horizontally bed- 
ded Silurian dolomite with a covering of glacial deposits. The fact that the 
meteorites landed in this material may have hindered the recognition of 
the true nature ol the craters. No silica glass has ever been found, owing, 
of course, to the absence of quartz in the dolomite. The pits are certainly of 
postglacial age. 

For many years no meteoritic materials were found, but in 1937, after 
ten years of effort, Reinwaldt completely established the meteoritic na- 
ture of the craters by finding 28 small fragments of nickel iron totaling 
110 grams. As the island has been inhabited for many centuries and ex- 
tensively cultivated, it is not strange that all surface metals have long 
since disappeared. 
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Near by, in an area of less than one-half a square mile He five other 
smaller craters and at least three other depressions which have been filled 
in with stones from farmers’ fields. Four of the craters are circular, 120, 
100, 65, and 35 feet in diameter. The other is oval, 175 feet by 120 feet, 
and is probably a double crater much like the main crater at I-Ienbury. 
Several of the smaller craters have been excavated. Two tiny meteorites 
were found in the smallest crater, the others in the oval one. Beneath the 
65-foot crater was a funnel-shaped hole, 4 feet wide and 2 feet deep, blast- 
ed into the limestone. The adjacent rocks are cracked and have a burnt 
appearance. 

TIIE ARABIAN CRATERS 

Almost lost under the shifting sands of the Great South Desert of 
Arabia in the Rub’ al Khali (the “Empty Quarter”) are two of the most 
unusual mctcoritic craters yet found. They were discovered by Philby 
(50) in 1932 in his epic search for tire “lost city” of Wabar. There never 
was any question of the nature of these queer depressions, for Philby re- 
ported the finding of many rusted nickel-iron fragments, the largest hav- 
ing a mass of twenty-live pounds. Laminated iron shale in which sand 
grains are cemented also occurs. The smaller pieces of mctcoritic iron 
when sectioned, polished, and etched show a partial destruction of the 
characteristic structure such as can be brought about artificially by heat- 
ing the material to about 850° C. 

The larger of the two known craters at Wabar is 328 feet in diameter 
and although partially filled with sand is about 40 feet deep. The other, 
less than one-half mile distant, is oval in shape, 180 feet by 130 feet, and 
is perhaps 30 feet deep. Nothing is known regarding the underlying rock 
layers. At least two and possibly other pits exist, covered by the ever 
moving dunes. 

The rims of both craters seem to be built up of silica glass which is 
highly vesicular, in appearance like cinders or iron-furnace slag. 'Phis ma- 
terial clearly is not volcanic in nature. Microscopic examination of the 
glass discloses numerous small specks ranging from 0.14 mm. downward. 
They give a metallic luster by reflected light. There are usually from one 
to two million per cubic centimeter. Analysis indicates that they are ac- 
tually little globes of nickel iron. Spencer (45), formerly keeper of the min- 
erals in the British Museum, concluded that these tiny spheres were 
formed in an atmosphere from which the oxygen had momentarily been 
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eliminated and then drizzled down into the boiling silica. As there is very 
little moisture in the Wabar Desert sands, the vesicular nature of the 
glass must also have been due to the boiling of the silica. Additional evi- 
dence of the extreme temperatures generated here is found from the dew- 
like drops of condensed silica on the glassy surfaces. Table 1 is of interest 
in this connection. At the high pressures which probably existed the cor- 
responding figures were possibly somewhat higher. 

At no other meteoritic crater is there any comparable evidence of 
liquefaction on such a large scale. It may also be noted that in no other 
known case did a meteorite land in deep, loose sand. The incoherent na- 

TABLE 1 

C ritical Temperatures 

Nickel melts 

Iron melts 

Silica melts 

Nickel boils 

Iron boils 

Silica boils 

ture of the sand may be the factor which led to the generation of so much 
local heat. 

Wabar is a legendary city mentioned in semiclassical Arabian writings 
as having been "destroyed by fire from heaven.” It seems entirely prob- 
able that the “ruins” are thp craters and the “cinders” the abundant 

silica glass. Perhaps here, too, is an ancient race memory of the meteoritic 
fall. 

THE SIBERIAN CRATERS 

In the early morning of June 30, 1908, the inhabitants of the north and 
east portions of distant Siberia were privileged to witness the only fall 
within historic times of a group of meteorites large enough and moving 
fast enough to blast craters in the ground. Strangely, in spite of the mag- 
nitude of the fall no large expeditions were organized to investigate the 
region till 1928— it must be admitted, however, that the first World War 
and the Russian Revolution occupied a part of the interval. In that year 
the Russian scientist Kulik studied the craters, at the head of a small ex- 
pedition. In 1930-31 he spent thirteen months at the site. 

In Science for May 11, 1928, Dr, George P. Merrill of the United States 


Degrees 
C emigrate 

1,452 

1,535 

1,710 

2,900 

3,200 

3,500 
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National Museum reviewed Kulik’s original report, which was printed in 
Russian. A portion of the article is given here: 

The appearance at seven o'clock in the morning on June 30, 1908, of a “ fiery body” 
of unusual brightness rolling across the sky out of the northeast and falling down in 
the “taiga” between the Yenissei and Lena rivers, north of the railroad line [about 
500 miles north of Lake Baikal in latitude 61° N., longitude 102° E,], was observed 
by a great number of people, mostly the native inhabitants living in the basins of 
of these rivers. 

The fall of the meteorite was instantly followed by a column of fire rising skyward, 
by the formation of heavy black clouds [a column pillared up from 12 to 15 miles 
into the atmosphere], and by a most deafening, resounding noise far surpassing in its 
magnitude any thunderstorm or artillery cannonade. This was heard for hundreds of 
kilometers within a radius of the cities of Ycnisscisk, Krasnojar.sk, Kansk, Nijncdinsk 
and Kirensk on the Lena. [This immediately brings to mind the atomic bombs dropped 
on Hiroshima and Nagasaki and Bikini. The bombs, while less powerful than the 
meteorite, caused similar effects.] 

A terrific air wave was formed which pushed ahead everything that it met in its 
way. The water in all rivers, lakes, and streams was raised up; people and animals 
were lifted by it and carried along. 

The vibrations produced by the fall of the meteorite were detected and registered 
by the seismographs of the Physical Observatory at Irkutsk, where Mr. A. V. Ves- 
nesenski, who was in charge of the Observatory, calculated the epicenter of the 
“earthquake” to be located in the upper part of the Podkamemmya Tunguska. 

The phenomenon produced considerable panic, especially among the natives living 
in die basins of the Yenissei and all the various Tunguska rivers and adjacent parts 
of the Lena River Basin, 

Several attempts made in 1908 to find the body of the meteorite were fruitless as 
for some reason all parties were searching near Lhc city of Kansk and not in the 
locality determined by A. V. Vesnesenski, whose observations unfortunately remained 
unpublished. Gradually interest in the new meteorite was almost forgotten, except 
as a tale among the natives. 

In 1928, Mr. L. Kulik attempted to find the exact location of the meteorite and 
led an expedition to the Tungusk region, Owing to the lack of funds and the extreme 
difficulties of transportation in the wilderness of taiga and tundra, the expedition 
was not altogether successful. However, Mr. Kulik was able to reach the area where 
the taiga bore distinct traces of the passage of the meteorite. An area struck by the 
meteorite is a water table between the upper part of the Podkamcnnaya Tunguska and 
its right tributary, the river Chuni. The area is largely covered with tundra in the 
process of formation, intersected by hills, small lakes, swamps and typical tundra. 
The immediate area is surrounded by high naked hills, deforested by the falling mete- 
orite. All the trees are still on the ground, their tops spread out in fan-like fashion 
away from the central same of the fall, Exceptions are noted only in the ravines or in 
the gorges and deep perpendicular valleys and also in a zone which can be considered 
us the interference zone. And even in these places the trees, in most cases, are scorched 
and dead. 

The zone where the heal effect of the meteorite is evident is considered by L. Kulik 
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to be thirty kilometers in diameter and the area of the air wave breaking the trees is 
fifty kilometers in diameter. 

The center part of the “fire zone” is covered by shallow, funnel-shaped craters, 
reaching in some instances many tens of meters in diameter and not greater than four 
to five meters in depth. The bottoms of the craters are covered with swampy growth. 

Unfortunately, Mr. Kulik was not able to find the body of the meteorite or deter- 
mine the depth to which it had sunk. 

He believes that the meteorite of 1908 was an aggregate of meteors, moving with a 
rate approaching seventy two kilometers a second. Some of the aggregates undoubtedly 
exceeded one hundred thirty tons in weight. Hot gases (above one thousand degrees C) 
surrounded the meteorite and started fires before the meteorite had reached the ground 
and sunk into kt, forming craters, uprooting trees, and burning everything that can 
burn in the center of its fall. 

Other stories of the fall tell of the engineer of the Trans-Siberian Rail- 
way, over 400 miles to the south, who stopped his train because he feared 
that the vibrations of the “earthquake” would shake it off the rails. Still 
nearer the scene, the house of a fanner, Semenow, was demolished and he 
himself knocked unconscious. All this 50 miles away. A herd of reindeer 
at the place of fall was completely wiped out, only a few charred carcasses 
remaining. 

Watson (13) makes the interesting point that if this meteorite had met 
the earth just four hours and forty-seven minutes later, we should have 
known of the blast much sooner, for it would have scored a bull’s-eye hit 
on the city of St. Petersburg, now called Leningrad. 

At the ICew Observatory in England at 5:30 p.m. on the day of the col- 
lision a series of unusual pressure waves in the atmosphere was found on 
the records of the micro barograph. Whipple (51) calculated that the rate 
of travel of sound is such as properly to account for the difference in time 
within a quarter of a minute. European seismographs recorded a strong 
ground wave. Both sound and shock waves were observed at many Si- 
berian stations. Estimates of the energy expended range around 10“ l ergs 
(51). LaPaz (1 23) has suggested the possibility that it might be as high as 
10 u ergs, but Whipple’s determination of the energy in the air waves does 
not permit this interpretation. It appears that about five thousand times 
as much energy went to make air waves as went to make earth waves. We 
are led to the conclusion that the Siberian craters are too small in com- 
parison with the energies released. Is it possible that the meteorite or 
meteorites burst in the air just before they struck the ground or, more 
probably, that the explosion was an air burst immediately after a ricochet. 
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The low angle of fall, about 17°, would almost require a ricochet, judging 
from artillery experiments of the United States Army. An explosion above 
ground would be in full accord with the ratio of energies found in the air 
and ground waves and also would obviate the necessity of postulating that 
a swarm of meteorites caused the damage. A single body exploding in the 
air could produce the numerous craters observed simply by the scattering 
of high-energy fragments. 

A rough estimate of the meteoritic mass may be made from thfc energies 
liberated in these waves and the destruction surrounding the craters. A 
value of a few hundred tons results. 

ICulik found a total of at least ten craters, possibly two hundred, rang- 
ing from 30 to 175 feet in diameter. They are water filled, and marsh 
growths partially cover them. In his 1930-31 stay he excavated one crater, 
finding the customary rock flour and fused quartz containing minute 
grains of nickel iron. Around the area of these craters the peat is thrown 
into concentric ridges, A trench cut through one of these ridges showed 
contorted folds of peat, clay, and ice. Because of the swampy nature of the 
land, the surface features, craters, and broken trees will completely dis- 
appear in a few hundred years, leaving only the legends and the printed 
page to record this tremendous paroxysm. 

An interesting side light has been raised in recent years by Rojansky 
(124) and LaPaz (125). The former suggested the possibility of the ex- 
istence in outer space of contratcrrcne meteorites. This strange and hy- 
pothetical matter would consist of a nucleus of “negative protons 11 sur- 
rounded by positrons. Possibly neutrons would replace some of the “nega- 
tive protons.” When such an atom strikes normal, or terrene, matter, the 
opposite forms mutually destroy each other — converting their entire 
masses into energy. 

LaPaz has intimated that the Siberian meteorite was contratcrrcne in 
nature because of the great amount of energy expended, the relative in- 
significance of the craters, and the absence of nickel iron positively at- 
tributable to the meteorite, Kulik did, however, find some nickel iron in 
the fused silica glass. This probably did come from the intruding mass. 

Rojansky (124) states: 

If we disregard the e Heels of heating and make the rough assumption that a eonlni- 
terrene meteor annihilates all the air molecules which it would strike if it did not affect 
their motion, we find, for example, that unless the initial top -to -bo Horn dimension of 
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a contraterrcne iron meteor, falling vertically without tumbling, exceeds 130 (i.c., 
76 X 13.6/7.9) cm, the meteor would be entirely radiated away before reaching 
sea-level. 

Since we cannot assume a nontumbling meteorite, we must postulate a 
spherical mass of contratcrrene iron, 130 cm. in diameter, as a minimum 
size to allow our contraterrene meteorite to reach the ground in a vertical 
plunge through the atmosphere. As the Siberian meteorite traveled at an 
angle of about 17° to the horizontal, the air mass penetrated — and, hence, 
the minimum allowable mass of the meteorite — -must be tripled to prevent 
complete radiation before the body reached the ground. However, be- 
cause of the possible presence of neutrons in the meteorite, the original 
smaller mass will be assumed to be correct. 

A sphere of contratcrrene iron, 130 cm. in diameter, would have a mass 
of 9 X 10° grams. Upon contact with air this body would disintegrate into 
8 X 10 27 ergs of radiant energy, which must be doubled to account for the 
equal mass of air destroyed in the process; this yields a total energy re- 
lease of over 10 28 ergs during the passage of the body through the air. 
Such a tremendous amount of energy is more than ten thousand times the 
highest estimate made of the energy of the Siberian meteorite and more 
than ten million times the most probable value of the energy actually re- 
leased at the impact. 

Consequently, the conclusion is reached that it is highly improbable 
that the Siberian meteorite was composed of contratcrrene matter. It was 
simply *a normal meteorite much larger than is usually encountered. 

Of the preceding craters there is none whose origin is now questioned. 2 
All were formed in the same manner; yet of these structures both the 
Arizona crate]* and the group in Ocsel were known for many years before 
their nature was proved. May it not be so with other craters which arc now 
known but whose past histories are shrouded in doubt or wrongly trans- 
lated? 

THE PRETORIA SALT PAN* 

This strange depression lies in the wooded, gently rolling Bushveld of 
the Transvaal about 25 miles north-northwest of Pretoria. The surround- 
ing-country rock is the red Bushveld granite, nearly level, with isolated 
outliers of grit from the Coal Measure series of the Karroo system. 

2. It has been reported recently (121) that a small crater on Amak, an island in the Aleu- 
tians, is probably of mctcorilic origin ami, also, that on February 12, 1947, a cluster of mete- 
orites struck in eastern Siberia, blasting craters up to 75 feet in diameter. 
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The great hollow is almost perfectly circular, with diameters north to 
south of 3,460 feet and 3,330 feet measured at right angles. The circum- 
scribed ridge rises an average of 100 feet above the level of the neighboring 
country with a peak of 200 feet on the northwest side. It is composed of 
coarse, uncemented breccia made up almost exclusively of large and small 
angular granitic blocks resting on Karroo grits. The inner slope is steep, 
the outer gradual. It clearly is in exactly the same position as that in 
which it fell after being blasted from the pit. Among the fragmental masses 
there is not to be found a single specimen of young volcanic rock. Many 
of the granite blocks are traversed by narrow fissures filled with a breccia 
composed of angular fragments of quartz and feldspar. 

The floor of the crater lies 300 feet below the rim and presents a strange 
appearance. The outer portion is generally covered by a dazzling white 
saline incrustation while a dark pool of soda-salt brine fills the center. 
Bore holes have been forced down through 230 feet of bedded layers. In 
the central portion the 18 feet of the Trona-Mud zone are above the Gay- 
lussite layer of permeable beds made up largely of Gaylussite crystals in- 
terbedded with and underlain by saline clays and marls. These layers are 
impregnated with clear, saturated soda-salt brine. It is upon this brine 
that the soda industry established at the Pan is based. There is evidence 
to show that the liquor has been and is being generated by underground 
water that has forced its way into the caldera deposits from above. 

The divisional planes of the granite as exposed in the walls dip radially 
toward the pit, but cross-sections through the rim show definitely that 
there exists a ring anticline, with the upthrow occurring approximately 
under the eroded rim. The proponents (52) of a volcanic origin for the 
Salt Pan claim that there was (1) updotning of the Busliveld granite and 
overlying grits over the scene of eruption, (2) drilling of the vent by a 
great phreatic explosion or succession of such explosions, and (3) sub- 
sidence by faulting and slumping of the interior of the volcano within a 
ring-shaped fault. 

The alternative meteoritie hypothesis accounts for the updotning by 
the force of the explosion and the inevitable rebound after the impact. The 
anticline could have been produced, like that at Odessa No. 1 and else- 
where, by the tangential thrust of the near-surface explosion. No sub- 
terranean vent lias yet been found. 

The Salt Pan is decidedly of post-Karroo age; and, judging by the pres- 
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ent well-preserved condition, it is young, certainly post-Cretaceous and 
probably of late Quaternary age. 

There is no obvious reason for its being situated where it is, for it is not 
visibly connected with any line of fissure or faulting, having apparently 
been formed independently of any plane of structural weakness in the 
earth’s crust. Rohleder concludes: “Nothing whatever suggests volcanic 
origin, but the parallelism with a meteor crater is obvious” (S3). Spencer 
(45) has also made the same suggestion independently. It seems highly 
probable that this crater, only slightly inferior to that in Arizona, was 
produced by meteoritic impact, possibly by a vast stony mass. No nickel 
iion has yet been reported from this location. Whether or not it has been 
searched for is not recorded. 

THE ASIIAKTI CRATER 

In the Gold Coast of Africa lies a peculiar structure which has caused 
many a scientific argument to rage. A vast crater, variously reported as 
6£ miles in diameter or 7 by 9 miles across, is partially filled by Lake 
Bosumtwi. The lake measures 5 miles in diameter and has a maximum 
depth of 238 feet. The waters are self-contained, and there is no other lake 
within 500 miles. 

The inner rim of the caldera is precipitous, rising from 1,000 to 1,500 
feet from the lake. The walls are jungle clad, and the pit is surrounded by 
a tropical forest which makes all study of the region difficult. The crater is 
bounded by a peripheral depression which separates the actual rim from 
a concentric ring of elevations. The width of the depression is miles. 

Madaren (54) originally suggested that the crater had a meteoritic 
ougin, but this has been disputed by Rohleder and Junner. No nickel iron 
has ever been found, with the possible exception of a specimen reputedly 
picked up over half a century ago on the shore of the lake. 

Rohleder (55) reported that the planes of schistosity of the meta- 
morphic (pre-Cambrian) rocks on the inner walls of the caldera dip 
radially inward and that the dip gradually reverses itself until beyond the 
concentric depression the layers show a diminishing outward dip. He be- 
lieves that the region was broadly uparched before the center collapsed to 
produce the caldera. Junner (56), however, has cast grave doubts on these 
structural studies. 

Both Junner and Rohleder base much of the assumption that the crater 
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is of igneous origin upon the finding of a few relic patches of pyroclastic 
debris on the inner walls. This debris, according to Junner, consists in 
large part of comminuted granite and phylitte, opaline quartz, and dacite 
pitchstonc in a matrix of glassy pumice. Accompanying it are scattered 
masses of breccia supposedly produced by the shattering of local rocks 
along faults. These extend to a distance of 7 miles from the center of dis- 
turbance. J miner concludes that the succession of events was as follows: 
First a doming of the crystalline crust by a laccolitliic injection; then an 
upward and outward thrusting of the crushed rocks by gas pressure, cul- 
minating in several explosions which blasted a funnel-shaped crater and 
ejected a little gas-rich magma, together with great quantities of lithic de- 
bris; and, finally, an engulfment caused by the loss of gas and consolida- 
tion of the magma body. That subsidence has continued since the catas- 
trophe is clear from the fact that the lake sediments on the lower walls of 
the caldera show an inward dip. 

Hence we are left on the horns of a dilemma. It is apparent that an ex- 
plosion did occur, but the origin of the explosive force is under debate. It 
is also true that a subsidence followed the blast. Junner has outlined one 
reasonable hypothesis; but may it not he equally reasonable to expect a 
certain amount of settling within the ring faults produced by the impact of 
a meteorite and the subsequent rebound of the rock layers? More data arc 
needed before a satisfactory solution to the problem can be reached. 


Tin*: Konas u c rater.' * 

In 1936 Suess (57) proposed a meteori tic origin for the Kofels “Crater,” 
a curious widening in the Oetz Valley of the Tyrolian Alps. He found no 
meteori tic materials but did identify a peculiar pumice which apparently 
was derived by fusion of the gneissic country rock. On the suspicion that 
this pumice was actually meteoritie silica glass, Hammer (58) analyzed 
samples of it but reported that there was no evidence of nickel iron. The 
gneiss is locally fractured and brecciatcd, and the depression shows signs 
of having been formed by violent explosive forces. The form of the 
“crater” is irregular, which may be expected from the normal rugged na- 
ture of the region. There are no volcanic rocks at Kofels and no recent 
vulcanism, Schmidt (59) says, contrary to Suess, that there is evidence of 
tectonic movement in the region, and therefore the lack of such move- 
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mcnt cannot be used as a criterion against the volcanic origin of the 
crater. 

Again there are not enough facts available to allow a decision to be 
made. It would be extremely interesting if the ICofels were to prove to be 
of meteoritic nature, for it would thus become the first recognized case in 
mountainous land. 

SUMMARY 

Sufficient meteoritic craters are now known and have been minutely ex- 
amined so that we have a rather good idea of the structural sequence. 
They are always circular, or nearly so, with upraised rims and bottoms de- 
pressed below the normal ground-level. Except for the pushed-up rock 
layers, the rim materials are essentially equal in volume to the portion of 
the pit below the ground-level In the very smallest craters, up to about 
30 feet in diameter, the process is purely one of splashing and gouging of 
the ground by the mechanical impact. The meteorite may not be shat- 
tered and may remain in the pit. As the size of the crater increases, evi- 
dences are found that there is a progressively greater fragmentation of the 
meteorite, much of which is backfired out of the crater, although drill 
holes sunk into the Arizona crater show definitely that rather large masses 
of nickel iron remain buried underneath. 

In every one of the ten positively identified meteoritic craters or groups 
of craters nickel iron is found. In no case is there a recognized crater due 
to the impact of a stony meteorite, and yet stony meteorites are about five 
times as numerous as the metallic type, at least in the smaller sizes. No 
stony meteorites are known which are much heavier than one ton. 

There seem to be three possible explanations. It is conceivable that 
there are no large stony meteorites or, perhaps, that they are extremely 
rare. A more likely theory is that the stones of large size disintegrate high 
in the atmosphere from the terrific stresses and strains set up by the air’s 
resistance. The most likely possibility is that the large stones do exist and 
do hold together down to the ground. If this is true, then there must be 
meteoritic craters formed without benefit of nickel iron. Whipple was 
probably the first to suggest this. 

Small amounts of silica glass are formed at most craters from quartzitic 
rocks, the paucity of this material probably indicating that the extreme 
rapidity with which such craters are formed prevented much liquefaction 
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of matter; it was either relatively unheated or else vaporized. The most 
obvious material formed in each case is rock flour — -powdered rock. Part 
of this often stays within the pit, but much is ejected. 

Little is known of the nature of the subcrater rock layers, but logic 
would infer that they must be displaced somewhat by compression and 
rebound as well as brecciated and that shock waves have been transmitted 
by them. These effects naturally should increase with increasing size of the 
meteorite and hence with increasing crater size. 

The strata which have been shattered and are now exposed in the crater 
walls are invariably tilted so as to dip radially outward. In some cases they 
have actually been overturned. Often these strata show distinct bilateral 
symmetry with opposed points of maximum and minimum uplift. 

The rims are always raised except in the older craters where erosion has 
destroyed them. The inner slopes are relatively steep, while the outer por- 
tions gradually sink to the undisturbed level at a distance of perhaps one- 
quarter to one-third the diameter of the pit. The rim and outer slope arc 
often marked by blocks of stone, large and small, hurled from the rock 
layers smashed at the impact. 

The crater bottoms, without exception, were depressed below the 
ground-level at the time they were formed, and their depths bear a rough- 
ly constant relationship to their diameters. 

Only ten authenticated meteoritic craters or groups of craters are 
known. All were discovered after 1827, and seven, perhaps eight, were 
found after 1921. Many more must be distributed over the earth; they are 
now being identified at the rate of one every three years. 

In the areas of high rainfall the craters quickly disappear. Many must 
have been covered by glacial deposits or desert sands. Many regions arc 
almost or entirely uninhabited, Watson (13) estimates that meteorites 
capable of producing craters 30 feet or more in diameter strike the earth 
once each century. 

Let us assume that the ten groups now known actually constitute all 
the craters formed in the last fifty thousand years and that therefore one 
crater or group of [jits is formed each live thousand years. If the rate in the 
past were the same, each area of 125 square miles would have been struck 
at least once in the last 2,000,000,000 years, a total of four hundred thou- 
sand craters or crater groups distributed throughout the lithic layers. 
Such an area is smaller than the average American county. Although this 
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figure is almost certainly a minimum value, it approaches the observed 
density of very small craters seen in the moon. 

Three out of four such meteorites, perforce, fall into the ocean and hence 
leave no trace. Nininger (39) has described a great procession of fireballs 
appearing in 1913 over western Saskatchewan. It consisted of from six to 
ten groups of bolides of four to six members each. They appeared as 
bright as Venus, perhaps brighter, when first seen. Over Ontario they 
were still more brilliant. “Detonations and earth tremors were caused 
along their pathway to a distance of twenty to seventy miles on either 
side.” 

Clouds obscured the display to observers in the eastern United States, 
but from many ships on the Atlantic passengers watched it become in- 
creasingly spectacular. It was seen from Bermuda, and the meteorites 
seem to have plunged into the sea somewhere southeast of the islands. Ac- 
cording to all descriptions, this swarm of fireballs was far more impressive 
than those of the Siberian fall, five years earlier. 

How many other gigantic meteorites have disappeared into the watery 
wastes? 

What myriads of meteoritic craters lie unseen on the surface or for 
ages hidden in stony crypts? 


CHAPTER 5 


Fossil Terrestrial 
Meteorite Craters 

E VER since the first promulgation of the theory that the craters of the 
I moon were caused by the impacts of myriads of meteorites, large 
and small, men have realized that for the moon to have undergone such a 
bombardment implied that the earth, of necessity, had also suffered an 
equal proportion of these colossal blows from space. It is not difficult to 
show that each square mile on either earth or moon would receive essen- 
tially the same numbers of meteorites. The masses of the earth and moon 
do not enter into the problem to a first approximation. 

Such being the case, the cry arose, “Where are the great meteoritic 
craters of the earth? Why do we not find them?” 

Eor years not a single example of such a crater was recognized. Many 
scientists accepted the fact that none had been recognized as proof that 
no such craters existed or had ever existed. This was hardly a scientific at- 
titude, but for a long time it was used as a primary argument against the 
meteoritic theory and for the volcanic hypothesis. To this clay there is no 
geologic structure generally accepted as a fossil meteoritic crater. Dozens 
of small modern craters are known, but none of the ancient gigantic pits 
can be seen, nor do scientists agree that any geologic structure is proved 
beyond a doubt to be an old meteoritic scar. 

At this point it is relevant to pause and recall that in the past the moon 
and earth have developed along divergent paths. The moon is practically 
a dead body and has been so throughout much of its history. If a crater 
were formed there in, say, Silurian times, it would still be there, much as 
it was originally, unless, perchance, another crater were formed later and 
overlay the former. Many of the early craters have been drowned by the 
great lava flows, but, except for these, the face of the moon, once marked, 
remains pitted, 

On the contrary, the earth’s geologic history is a record of rising and 
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falling lands, advances and retreats of vast epeiric seas, mountain build- 
mg, faulting, folding, erosion, and deposition, All of these must affect the 
iccord of ancient conditions as transmitted to us. Rare indeed is the sur- 
face of land which has descended without major change since even as re- 
cent a geologic time as the Cretaceous. What chance, then, is there for 
geologists to identify a meteoritic crater of Archeozoic or even of Cam- 
brian age? 

I he answer to the foregoing is that it would require an almost impos- 
sible series of events to have occurred for a complete fossil crater to have 
been preserved. All the normal features usually associated with a mete- 
oiitic crater would probably have disappeared — the pit, rim, nickel-iron 
fragments, ejectamenta, the tilted and brecciated rocks. All that could 
reasonably be expected to remain would be the basement structures, the 
modifications produced deep below the earth’s surface by the unimagina- 
bly great pressures which developed as the intruding mass came to a halt 
and exploded. 

These are the formations which must be sought out by geologists. These 
are the formations which must be present on and in the earth if the moon’s 
craters are meteoritic in origin, 

I wo men, Boon and Albritton (60), have begun an investigation into 
this problem by deducing just what effects would be produced in the 
eaiths ciust beneath a meteoritic crater and then finding that similar 
structures exist and that for these structures no ordinary geologic process 
is known to be capable of giving a completely satisfactory explanation. 
Unfoi tunately, their work is so recent that it has not had the wide circu- 
lation it deserves; and, consequently, the opinions of most of the world’s 
geologists and geophysicists have not been recorded, but it is significant 
that no serious criticisms have been raised. 

It may turn out that the structures to be described have no connection 
with the meteoritic problem ; but, even in the event that they are proved 
to be terrestrial in origin, the search lor the vast ancient meteoritic scars 
will continue. It is amply clear that the earth is being bombarded at the 
present time by masses large enough to produce small craters. It is highly 
illogical to assume that these bodies started falling only recently. It is 
highly probable that throughout geologic history impact craters were 
formed and that mixed with the small meteorites were larger ones similar 
to or part of the lesser asteroids. 
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Recent astronomical discoveries have somewhat expanded our usual 
mundane viewpoint, Several small asteroids have been observed to ap- 
proach perilously close to the earth, In 1898 Witt of Berlin found Eros 
(433) which at times comes within 14,000,000 miles, No more of this class 
were detected until 1911 when Albert (719 ) was discovered. It, too, comes 
well inside the orbit of Mars but was followed for so short a time that it 
has never been recovered on subsequent passages. Some day it probably 
will be found again. In 1932 the Belgian astronomer Delporte photo- 
graphed Amor Cl 221) which comes nearer the earth than does either 
Eros or Albert. Apollo was found by Rcinmuth at Heidelberg on April 27, 
1932. It was shown to have been, on that passage, as close as 1,800,000 
miles, to have a period of 1.8 years, and actually to go closer to the sun 
than does Venus. 1 Hence it may often be in the earth’s neighborhood. 

On February 12, 1936, and October 28, 1937, Adonis and Hermes were 
discovered, the former by Delporte and the latter by Rcinmuth, just to 
keep the contest even. Adonis passed the earth by about 900,000 miles, 
while Hermes was even closer. It missed by the astronomically small space 
of 600,000 miles, less than three times the distance of the moon, a definite- 
ly narrow escape* 

Unfortunately, Adonis, Apollo, and Hermes came so close to the earth 
that they flashed into view and quickly faded. Their orbits are very poor- 
ly known but, like Albert, may be picked up again on some future visit, 

Except for Iiros, which is several times larger, these little bodies are 
perhaps 1 mile in diameter and hence can be seen or photographed only 
when they are very near, but in order to pass close to the earth their orbits 
must be so oriented that these asteroids cross the plane of the ecliptic 
when they are at the approximate distance of the earth from the sun. 

These cosmic cannon balls, each loaded, in effect, with high explosive, 
must be representative of thousands of such bodies. Moderately close ap- 
proaches are rather frequent, as we are just coming to realize. Actual di- 
rect hits must be rather rare. Watson believes that “the earth probably 
goes at least a hundred thousand years between collisions with them” 

(13). 

Each tiny asteroid would be capable of blasting a hole in the earth’s 
crust entirely comparable to all save the very largest of the lunar craters, 

1 . Apollo came within 84,000 miles of Venus on this passage. 
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A mass considerably less than that of Eros would be adequate to produce 
the largest crater. At the suggested frequency there would have been 
twenty thousand such crater-forming impacts in the last 2,000,000,000 
years. The agreement with the observed numbers of lunar craters, al- 
though not conclusive, is amazing. 

I he impact of a large meteorite against a rocky surface is an occurrence 
of such magnitude that it far transcends any ancl all the familiar terres- 
trial phenomena. Nevertheless, we may apply known physical laws and 
properties of matter to the problem and arrive rather closely at a broad 
picture of the major happenings consequent to such a landing. . 

Somehow or other the tremendous kinetic energy of the rapidly moving 
meteorite must be accounted for after the explosion. There are only four 
possibilities: First, the impact will shift the earth, or moon, slightly in its 
orbit. Second, if the explosion is violent enough, matter will be “kicked 
back into interplanetary space and thus depart with some of the original 
Third, strains may be set up in the crustal layers, some of which 
will be displaced, others crushed and powdered. Fourth, heat will be gen- 
erated. 

Loss due to point one will always occur. In the second case, if the im- 
pact is on the earth, the blanket of air and high gravitational pull will pre- 
vent matter from again reaching outer space, and the net result of the 
ejection of matter from the explosion pit will be the production of heat, 
often distant from the point of original impact. Matter from a meteorite 
crater could easily be hurled completely away from the airless moon. The 
semipermanent strains set up in the crust will account for a small part of 
the energy as will the changes in potential energy due to displacement of 
matter, but, in the long run, most of the meteorite’s energy will be turned 
into heat; the crux of the problem is to identify where and how this heat is 
distributed. 

It is a well-known fact that in all but two of the meteoritic craters 
lecognized on caith there is little evidence of any great amount of heat 
being released upon impact. The two exceptions are the Wabar craters in 
the sandy wastes of the Arabian Desert where large amounts of fused silica 
coat the walls ancl bottoms of the craters. In other meteoritic craters fused 
silica glass is usually found, and occasionally certain rocks arc metamor- 
phosed, but evidences of great amounts of heat are lacking. 

From these facts it seems apparent that much of the energy is trails- 
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mitted m shock waves through the crust and air and thence gradually con 
verted into heat 

Large meteorites do undoubtedly, reach the Burlace of the earth or 
moon with essentially undimimshed speed Direct measurements of meteor 
velocities give top figures of the order of SO miles per second Others move 
more Blowly but even bo must strike with stunning force if they are of a 
size capable of producing a crater It con easily be calculated that at a 
speed of only 4 miles per second each gram of matter in a meteorite pos- 
sesses energy equal to six grams of TNT or about five thousand caloneB 
per gram, while at 50 miles per second the energy available Is nearly eight 
hundred thousand calories per gram On impact this energy muBt be quick 
ly dissipated 

Except for the very smallest of the relatively few modem meteorite 
craters known on earth evidences of tremendous explosive activity arc 
obvious There is always a radial distribution of both mcteontic matter 
and crustal rock scattered over perhaps ten limes the radius of the crater 
proper the local breca&tion of the near by rock layers and their pulveriza- 
tion into rock flour the occasional manifestations of intense but localized 
thermal raetamorphism and the radially outward dip of nm rocks all lead 
to the conclusion that tremendous explosions have occurred at these lo 
calitics and that these explosions have been caused by the impacts of 
meteorites 

These data being granted it remains to sec how the energy ib dissipated 
1 or large bodies only a very small amount of the available energy of mo 
tion will be lost during the flight through the air The amount lost is meas- 
ured by the difference in Btnking velocity and that at the instant the air 
resistance liegati with pro]icr corrections for the acceleration of gravity 
1 his loss must be a small percentage 

When a meteorite Btnkcs the earth it encounters tremendous resist 
once This is the resultant of four factors *1 he first is the rigidity of the 
surface layers particularly against shearing forces the second and third 
arc resistance to compression and the amount of heat produced and the 
last, is the inertia of the atoms and molcculcH in the caith ns they fight lo 
keep from licing displaced I or a collision with a low velocity body mov 
ing pLrhapB 5 miles per second or slower the resistance is largely con 
trolled by rigidity but once the velocity Incomes greater than that of the 
waves created in the earth s crust, then the resistance due to inertia be- 
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comes for and away the moat powerful factor and all other resistances fade 
into insignificance It is easy to visualize this condition Tor an ordinary 
blow such as a hammer striking an anvil or erven a bullet Btnkuig a piece 
of steel the elastic waves travel in advance of the impinging body Hence 
the molecules are set in motion and they have time to get out of the way 
On the other hand, a high velocity meteorite strikes with a higher velocity 
than the shock waves it produces the molecules are given no warning of 
its coming and, consequently, they are trapped m front of the meteorite 
The accelerations of the particles and the forces necessary to produce them 
become enormous 

A calculation can be made which apphes this principle to a hypothetical 
collision between the earth and a large meteorite It Is assumed that the 
body ib a spherical mass of nickel iron 250 feet In diameter, moving with a 
velocity of 100,000 feet per Becond (19 miles per second) and that the 
earth encountered has a density of 170 pounds per cubic foot The peak 
pressure created by inertia is calculated to be about 25 000 000 atmos- 
pheres or roughly ten tunes the calculated pressure at the center of the 
earth The kinetic energy at the time of impact is 3 2 X lO* -1 ergB 

At first the meteorite would plunge into the earth, moving faster than 
the shock waves and pushing ahead of it an ever increasing plug of com 
pressed rock and probably a similar plug of compressed air When the 
Bpccd of the meteorite becomes less than that of the elastic waves the vast 
amount of compression produced finds a Bhoulder against which to puBh 
and the mass is soon stopped 

As long as the vcloaty is greater than that of the shock waves very 
little heat is generated as heat is a measure of the random motions of 
molecules and atoms and these random motions are temporarily stopped 
during the initial phases of the impact when the tremendous meteontic 
vcloaty is imparted tp the plug It is only after the velocity drops be- 
low that of the shock waves that the phenomenon of heat enters the 
picture 

At the instant of stopping much of the transformed kinetic energy 
must be stored in the highly compressed matter ahead of the bolide as the 
elastic shock waves could not have transmitted any great portion of it in 
the brief time and only a very little heat could have been conducted 
away Conduction of heat is a rather slow process With the stoppage of 
motion the meteorite is sitting on top of a tremendously compressed tre- 
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mendously hot plug of matter Naturally an explosion of the utmost vio 
lencc follows This explosion will be directed upward at hint m the three 
tion of least resistance but as it develops and the explosive focus moves 
upward, the blast will tend more and more horizontally 

By contrast if any large mass of mcteontic material is found to remain 
in a crater it implies that the body Btnick with a low velocity so that the 
resultant explosion was not violent enough to eject the meteorite The 
size of the meteorite necessary to account for any given crater increases os 
the striking velocity decreases 

It may be noted that this inertial resistance is not a function of the 
state of matter hence water will stop and eject high velocity meteorites 
as well as will rock 

When a large meteorite strikes the earth it deals a terrific blow to a 
medium which has a limited degree of freedom and a high degree of elas- 
ticity of volume While some materials such as clay have little or no 
elasticity of shape they all have great elasticity of volume Brittle Bub 
stances are not shattered by pressure if the pressure is applied to all sides, 
but by tension Hence after compression they all rebound Therefore as a 
result of impact and explosion a senes of concentric waves would go out in 
all directions forming nng anticlines and synclincs These waves would be 
strongly damped by the overburden and by friction along joint, bedding 
and fault planes The central zone completely damped by tension frac 
turcB produced by rebound would become fixed as a structural dome 

It must be admitted however that wc do not know the details of the 
basement structures Nevertheless, the general and simplest type of struc 
turc to be expected beneath large mcteontic craters would be a central 
dome surrounded by a nng synclinc and jiossibly other nng folds, the 
whole resembling a group of damped waves 

These structures should not be radially Bymmctncal unless the falling 
meteorites struck the surface of the earth at nght angles Runs of known 
craters commonly Bhow opposed points of maximum and minimum up 
lift suggesting that the impacts were oblique rather than vertical An ob- 
lique blow would lie exjiected to impart bilateral rather than radial sym 
me try to resulting struchtres although the craters which result from up 
and outwardly directed explosions should approach more nearly radial 
symmetry Long after these cratcre hod been destroyed by erosion Lhc 
underlying formations might be preserved 
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If the above statements be granted, the problem may be summarized 
by two questions and their answers Are there any known structures on 
earth which fulfil the entire list of requirements just described? Can it be 
proved that those structures have a meteontic origin? The answer to the 
firat Is, Yes’ , the answer to the second is 'No or, perhaps Not yet 

Distributed widely over the world but not yet adequately Btudicd ex 
cept in scattered instances are large disturbed regions of the earth’s crust 
known as crypto volcanic structures They are subcircular, complex doral 
cal structures characterized by intense deformation and brecoation with 
in an area of a few square miles Bucher (61) has cited the following char 
actenstics common to six American objectB he believes to be cryptovol 
came The same list applies equally well to similar objects anywhere on 
earth 

1 They show a tendency toward a circular outline 

2 A central uplift b surrounded by a ring shaped depression with or without well 
developed marginal folds beyond It 

3 In the larger disturbances the area of the uplifted central port n small compared 
to the area that sank. 

4 Where the nature of the rock materials permits any judgment evidence m found 
of violent action Buch as seems oxplkablo only as the result of a sudden release of 
pressure — that Is of explosive force 

5 Except hi the DcmlurvUlc structure no volcanic mate rials or any signs of 
thermal action have been observed 

It may be mentioned that Tarr (61) has maintained that the igneous 
rocks in the Decaturvnlle structure are much older than the explosion 
which was the cause of the structure 

At the present time these cryptovolcamc structures are generally be 
lieved to have been formed by disturbances produced by the explosive 
release of gases under high tension, without the extrusion of any mag 
matic materials, at points where there had previously been no vulcanic 
activity 

The known cryptovolcamc structures did not all occur simultaneously 
or even dose together in time They range from early Paleozoic to late 
Tertiary a ratio of perhaps 50 1 in age It has been pointed out that the 
cryptovolcamc structures are all found in areas where bedrock layers aro 
well exposed unaffected by intense folding and which have been subjected 
to close geologic scrutiny How many more lie under the immediate sur 
face hidden by layers of rock and soil deposited subsequently? What 
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numbers of cryptovolcaiuc structures have been forever destroyed by the 
implacable forces of erosion or have been rendered unrecognizable by the 
processes of folding and mountain building? How many be waiting on the 
surface for future geologists to discover? 

The features of the various objects arc essentially similar, the main dif 
ferenccs being the variations In size and the depths to which they have 
been eroded A brief description of representative objects follows 

WELLS CREEK BASIN STRUCTURE (61) TENNESSEE 

Aside from the normal faulting this structure reveals more clearly than 
others the dominant pattern of a cryptovolcaiuc structure It has the ap 
pcarancc of damped waves a central uplift pushed up at least 1,000 feet 
surrounded by two pans of up-and-down folds with diminishing amph 
tude The inner ring syncline 2 { miles from the center was dropped at 
least 300 feet A pattern of this type usually arises from a sudden impulse 
such as that of an explosion A similar structure is seen on high-speed pic 
turns of a drop of liquid falling into water There arc two mam differences 
however The crypto volcanic formation became frozen in the disturbed 
position and instead of radial symmetry it exhibits a distinct bilateral 
symmetry Bucher s interpretation was that a subterranean explosion 
caused the uplift and that the subsidence was secondary This ib dlometn 
cally opposed to the suggested mcteontic origin, but it too postulates a 
violent explosion without any associated features of nomml vulcamsm 

FLYNN CREEK BTRUCTURE (62) NEAR GAINBDORO TENNESSEE 
A gigantic explosion occurred here in early Kindcrhook or late Dcvo 
man times when a vast nearly circular crater 2 miles across, was formed 
Miraculously much of thiB crater still exists although it scarcely appears 
as a crater on cursory examination for it has been Ailed with sediments 
from the Chattanooga Sea (Miaaissippian) 

In general the major structural features consist of a circular uplift 
which has raised a Bmall central mass of limestone blocks a vertical dis- 
tance of approximately 500 feet Surrounding the uplift ib a depressed ring 
of breccia containing blocks from all rock layere included in the disturb- 
ance rhe top layers 12 feet thick arc a bedded breccia with layers parol 
lehng the covering Chattanooga Bhalc which later filled the crater These 
layers prolmbly originated in a fresh water lake occupying the depression 
in the pre-Chattanooga interval The thickness of the shatter or talus 
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breccia underlying the bedded breccia Ib unknown but Is probably of the 
order of 50 feet 

In the outor portions of this nog synclme the leas disrupted blocks of 
the Ordovician rocks join with the strata of their respective layers tn ttlu 
On the eastern northern and western flanks of the structure the strata 
dip at varying angles away from the central uplift On the southern side 
the strata dip in toward the center, 1 e , are overturned ThiB latter attl 
tude is explained as the result of thrusting out from the center 

The entire crater was at least 300-350 feet deep relative to the surround 
ing plain according to the contour map of Wilson and Born (62) This 
figure probably may be increased to 400 feet when the inflow which forms 
the breccia ted layers is eliminated 

At the time of the explosion a great volume of limestone blocks was 
blown out of the crater some falling back Into the pit and the majority 
being scattered around the margin of the crater within a radius of several 
miles Since this rim was completely removed by erosion and yet the pit 
was not filled with air borne Bediments the explosion is dated as shortly 
before the deposition of the Chattanooga shale, or in late Devonian time 

Wilson and Bom report the important discovery that there is a powder 
breccia, injected dikehke along fractures in the large blocks of limestone in 
the central part of the area Stringers or veins of this breccia which range 
in width from a feather edge to a foot, extend across the blocks In some 
cases the injection of this rock flour into minor fissures took place on a 
microscopic scale 

A well-developed magnetic high centers about 4 miles Bouth-southwcst 
of the disturbed area. This magnetic high could equally well be the aur 
face expression of the postulated buned plug of igneous material respon 
Bible for the Flynn Creek disturbance in the cryptovolcamc mode of ongin 
or the effect of buned meteoritic material The offset of 4 miles is the re 
suit of the high angle dip to the north of the magnetic lines of force in the 
earth s surface No evidences of volcanic materials have ever been found 

fflEKEA MAD ESA DOME (61), TEXAS 

Twenty five miles south of Tort Stockton Texas is a large dome which 
forcibly suggests a cryptovolcamc scar from which the crater and other 
top layers have been so completely removed by erosion that the under 
lying structures are revealed According to King (63) , this dome is roughly 
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circular and perhaps 3 miles in diameter It 1 b composed of abruptly up- 
domqd Permian strata which stand nearly vertically or dip radially out 
ward at high angles On the south these beds arc overturned and incline 
toward the center of the dome at angles of 6O°-70° The central portions 
are composed of an. umnetamorphosed dolomitic limestone but thcBC re 
glons are highly fractured jointed, and apparently 'jumbled and twisted 
m hopeless disorder The dome has been drilled (119) to a depth of over 
2 miles (12,096 feet) without revealing the presence of an igneous 
core In fact the structure appears to die out with increasing depth which 
emphasises its nonvolcamc origin 

Numerous radial tear faults displace the rocks in the center while small 
folds flank the uplift to the cast and west Apparently these arc portions 
of nearly circular damped waves Bimilar to those which appeared so strong 
1y at the Wells Creek Basin Structure On the eastern flank layers of Cre- 
taceous rock lie unconformably on the Permian strata of the structure 
thereby dating the explosion os post Permian and pre-Comanchean 

It is well to realize that while this ib the only method capable of dating 
these cryptovolcanic structures the great discontinuities in geologic his- 
tory as shown by the rock laycre at any particular point leave tremendous 
spans of lime unaccounted for Hence the dates of formation of these 
objects are uncertain usually by tens of millions of years and often by bun 
dreds of millions 

VREDEFOR.T DOME (64) OEANC1E EREK STATE 

On a far larger scale the Sierra Madera dome is reproduced m the Vrede- 
fort dome in the northern part of the Orange F rcc State in Africa There is 
found an almost circular uplift approximately 75 miles across It has a 
core onc-third as wide comjwacd of nonintrusive granite The dome ib 
thus strictly comparable in size to many of the larger of the lunar craters 
indeed it is wider than Copernicus and approaches Ptolcmaeus in diam 
ctcr Younger rocks which cnarcle the core are usually overturned bo as 
to dip toward the center of the dome risewhcre they dip radially outward 
at high angles 

In the Vrcdefort memoir by Hall and MolcngroulT (64) Lt was suggested 
that the updoming (not a rebound) was initiated by ccntnpctal pressure 
The relief of load resulting from this movement caused a younger magma 
below the granite to become active and to nee and thus assist the updom 
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from U Tix Bn# JOW p 123 FI* W30) 
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tiu 10 — Diagrammatic re*t< mtionn f a icclinn aciow the ilynn Lnxk disturbance A 
shortly after the cxpknhn B after crotlan had removed all fntgmcntnl dolma from Lho vicinity 
of the crater and after Iho deqast puts of the crater had I Ken fillud In with debris and froth 
water dqamlia C much later after the deposit! n of Hhalc and chert layer* (WllMn anil 
Bom [621 ) 


105 




FOSSIL TERRESTRIAL METEORITE CRATERS 10 i 

ing and the upward movement of the much heated, but passive granite 
They proposed no motivating cause for the development of the centripetal 
pressure and emphasized the inadequacies of all existing theories other 
than thcmeteontic by mentioning the extreme difficulty of accounting for 
an almost circular dome by appealing to tangential stresses 

The similarity between this and other crypto volcanic structures is still 
further brought out by the presence of transverse and oblique faults 
around the margins of the core, much like those at the Sierra Madera 
dome In addition no volcanic materials directly associated with the dome 
have been identified 

Throughout the entire mass of the dome arc evidences of unprecedented 
pressures All the rocks, including the Vredefort granite, reveal under the 
microscope the effects of these powerful forces They have been crushed 
and pulverized in many places Evidence for the operation of these pres- 
sures appeare principally in veins of flinty crush rock which literally riddle 
the granite and adjoining rocks The volume of the crushed and shattered 
materials has liecn estimated as high as 800 000,000 cubic meters 9 

THE BTBINHEIH BASIN (61) GERMANY 

In 1905 Branca and 1 raas (65) coined the term KrypUmul conic since 
anglicized to crypto volcanic for the Steinhcim Basin in southern Gcr 
many This depression commences abruptly In a plain of flat Jurassic lime 
Btonc At present it measures alwut 1$ miles in diameter and is roughly 
260 feet deep Whatever nm it once had has been removed by erosion. In 
the center ib a gently rounded hill the Klosterberg 120 feet high com 
]»8cd of older Jurassic rocks than the other parts of the liasin Obviously 
the Klostcrlicrg is the remnant of a domical structure from which the 
younger rockB have been stnpjicd ITic basin proper is cither the remains 
of a mctcoritic crater ltBclf, with its accompanying central peak or else is 
the downthrow of a ring synclinc such as ib usually found as an integral 
part of the lower layers ot a cryptovolcanic structure 

The evidence points strongly to the crater explanation 1 he original pit, 
formed in Miocene times wbb filled with a Miocene lake without drainage 
exits Hence even early in its history the Steinhcim Basin was a surface 
formation 

2 R A Daly Ib another prominent adcnLlal who has given the moteorlUc Imjrct theory 
of the origin of Ihli peculiar almc lure name lacking (ID) 
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Today the rim has been twice breached, so the lake has been converted 
into placid farm land. It seems probable that the net effects of erosion 
have simply been to reduce the initial 500-foot uplift of the Klosterberg 
and to remove the raised rim, meanwhile depositing sediments in the 
crater. 

Several other factors lead to the same conclusions. No volcanic mate- 
rials are present at Steinheim. The only extraneous objects are occasional 
large blocks of the usual Jurassic limestone which obviously had been 
hurled from the pit at its formation. 

The region of activity is sharply bounded by a rough circle. Inside this 
limit the explosive forces operated with tremendous effects. Outside, ap- 
parently nothing was changed. 

Rohleder says that “there is nothing whatever to prove the volcanic 
origin of the Steinheim Basin and the fact that the immediate neighbor- 
hood was in no way involved seems to point out that whatever caused the 
basin was an absolutely local event” (6b), i.c., a meteorite. 

The metcoritic origin of the Steinheim Basin has not been proved. How- 
ever, the usual volcanic processes certainly did not operate; and, while 
the cryptovolcanic nature of the structure has been questioned, it may 
well be that the Steinheim Basin is the surface expression of a true 
cryptovolcanic structure. The nearest parallel is the Flynn Creek 
Structure. 


THE RIESKESSEL (61), GERMANY 

Not far from the Steinheim Basin is another great depression, the Rics- 
kessel, whose floor measures 13 by 15 miles across and consists of a chaotic 
jumble of broken granite, Triassic and Jurassic sediments, beneath a cover 
°f Upper Miocene fresh-water deposits. 

Williams (23), after rejecting the meteoritic theory of its origin without 
stating his reasons, described the Rieskessel as follows, implying a vol- 
canic origin, but continually emphasizing the complete inadequacies of 
the known terrestrial processes: 

Immediately surrounding the basin is a zone, several miles wide, made up of similar 
fragmented rocks in the form of large blocks and huge, imbricated thrust slices, This 
is the so-called Schotlcn- mid Schuppcn-Zone. Beyond this and resting on the undis- 
turbed limestones of the Alb Plateau, are rootless slices and smaller blocks of older 
rocks, thrust outward from the central area (Zone dcr wurzelloscn Schollen). Still 
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farther from the bum art) scattered pieces of limestone some of which even 44 miles 
from the center of the RIcs measure 40 cm across 

How arc these peripheral soncs of ejected blocks and thrust masses to be explained? 
Most authorities agree that during Miocene times the crystalline crust and its Meso 
■ole cover were strongly u parched perhaps more than 400 meters by the intrusion 
of a broad laccolith Geophysical studies suggest that the laccolith fa composed of 
basic rock and lies at a depth of only a few kilometers Possibly the central portion of 
the upraised area was punched up in bysmaiithic fashion bo that rocks formerly well 
below the surface were exposed In any event, a steep doming of Iho laccolithic roof 
seems to have brought about widespread sliding on the surface and this process was 
undoubtedly accentuated by repeated explosions With good reason Reek doubts 
that the larger slices In tho SekoUen- itud Sekuppeu Zone could have l>cen blown out 
No masses even approaching them in sue have ever been ejected In the most violent 
of histone eruptions Had these huge slices of brittle limestone been hurled out by 
explosion why were they not shattered as they fell and why do they commonly show 
Blickon&ides on their under surfaces? These features suggest tliat they were emplaced 
by sliding It cannot be denied that much of the finer debris surrounding the Ries is 
truly pyroclastic but Kmnxs [67] view that the depression Is a colossal explosion 
crater docs not seem Justified True torsion balance measurements have indicated a 
funnel shaped structure approximately 12 km in diameter from 0 9 to 13 km deep 
and with sides sloping Inward at 10° to 15° beneath the center of the caldera but that 
this is a gigantic explosion vent has yet to bo proved No known explosion craters 
exceed oven a quarter of this ui diameter To produce a broadly flaring funnel of so 
great proportions It is obvious that the explosion focus must be very shallow But at 
shallow depths magma can hold little gas In solution and can only produce explosions 
of weak to modomlc Intensity such as would puncture the roof by a Btnes of dial re me*. 
No new magma was owoclalcd with lire first explosions or the Rich they seem to havo 
liccn low Uni|)cniLurL phreatic eruptions All the more is there reason for doubling 
the theory of Krunx. 

Benti Branen Reck anil others agree that after the mum explosive |>hasc the 
summit or the dome collniwcd along nng fracture* anil that it was primarily thfa cn 
gulfmuil which formed the caldera Rittmann also seems In adopt this view when he 
refers to the RieskcHHcl us a volo.no- toe tonic sink- After the cnilai»c dikes of 
HUCYitc ware injected dose to the margins of tho basin and mild explosions of suevilo 
pumice ensued Api>arenlly the magma was produced by gun fluxing of the granitic 
basement 

Certain observations art |>crlincnt An uparchmg of 400 meters in a 
radius approximating 10 kilometers gives an average slojic of 1 in 25 
roughly 2 Treat mosses certainly would not slide on such a sloi>c hence 
the overthrust masses must have been emplaced by an explosion or explo- 
sions acting nearly horizontally This effect in minor form is well known 
at the small modern terrestrial meteontic craters (<tcc 1 ig 8) Willinma 
objection to the explosion hyiwLheais seems to be baaed entirely on Lhe 
fact that no volcanic cxplcmion of bucIi a magnitude is known to have oc 
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curred anywhere on earth The meteoritic Impact theory avoids these dif 
Acuities completely, for ample energy ib available 

The incidence of a mild form of vulcamsm, the injection of suevitc in 
nng dikes, la not surprising An explosion of the obvious magnitude of this 
one might easily weaken the crustal layers, particularly in a volcanic area, 
whereas smaller explosions probably would not 

The best known cryptovolcamc structures are included in Table 2 

table 2 


Crypt ovqlcantc Structures 



Approx La* Lo 

Approx! a*i* 


Kiu ud Lee tto 

PI** ol Dk- 

Dliuls 

D*U f Porn) Lion 


tarbvd An* 

(Mlta) 


Jeptha Knob, Ky 
Serpent Mound Ohio 

Circular 

Gruilar 

2 

4 

Mid-Silurian 

Poet Lower Mlaslalpplan 



pre-IUlnolan 

Wells Creek, Tam 

Circular 

6 

Past Middle Mlsefanlpiilsm 
Late Cambrian or early 

DncalnrrfUe, Mo, 

? Connled 

? 



Ordovidaii 

TCrntland, IntL 

? CmceaJed 

? 

Poet Mlddlo Ordovician 



pre-PleUtoceno 

Flynn Creek, Term 

Clrcukar 

2 

Laio Demi lan or early 



MUaalppiaji 

U|)heavnl Doroc,Utah| 
Sbnm Madera, Teoc 

Grculnr 

Grcular 

3 

3 

Poet Navalo (Jurassic) 
Poat-Permlao pro-Cora 



anchcan (Cretaceous) 

Howell Torn, 
Vredefort Dome, 

Grcular 

i 

Ordovician 

Orange Free Stale 
Stdnhjdm Baidu 

Circular 

75 

Pre-Carbon lieroua 

Germany 

Cifcular 

W 

Mbcoivo 

Rleikmel Germany 

Grail ar 

15 

Miocene 


Only at the Dynn Creek Howell Steinhcim Basin and the Ricskusscl 
are there remnants of the crater remaining Of the above list tho Jeptha 
Knob Serpent Mound Wells Creek Flynn Creek and Sierra Madera 
structures show pronounced bilateral symmetry This proportion of those 
which show bilateral rather than radial symmetry ib about what would be 
expected if the cryptovolcamc structures were actually produced by mete 
ontic impact The majority of meteorites would strike the earth at angles 
other than the vertical and although the resultant surface craters prob 
ably would be very similar to those formed by impacts of bodies falling 
perpendicularly, the subjacent rocks would indicate both the fact that an 
angular fall had occurred and its direction Dietz (117) noticed that shat 
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ter cones” at the Kentland structure are oriented with their apexes toward 
the top of the beds, suggesting that the compressive force came from 
above. 

On the other hand, it seems to be extremely difficult to explain these 
cryptovolcanic formations as the results of stresses originating in the 
earth’s crust. Most writers opposing the meteoritic theory lean toward one 
of two ideas: first, that there had developed terrifically compressed pock- 
ets of gas close below the surface and that, when the pressure had reached 
a sufficient value, the top blew off and a crater was produced along with 
the rebound formation, which then remains as a rock dome. 

Two objections may be placed against this theory. The gas pressure 
must have developed near the surface, close to the depth of the base of the 
crater. From all that we know regarding the strengths of rock layers this 
is impossible. The materials simply are not strong enough to permit such 
an accumulation of gas at small depths. In addition, the maximum gas 
pressure on the subjacent rocks would have occurred at the instant of ex- 
plosion. The blast would have relieved the pressure locally, mainly accord- 
ing to the amount of matter ejected in forming the pit. A rebound would 
have been out of the question; an upthrust initiated by deeper gas or 
magma upon the release of load could have produced a dome, but it ap- 
pears that the magnitude of the doming effort is out of proportion to the 
reduction in crustal load. 

The usual alternative explanation of the cryptovolcanic structures is 
that the gas pressure developed deep below the surface. The strength-of- 
matcrials argument does not hold here, but if the explosion were deep- 
seated, producing a domical structure, it is difficult to see how a surface 
crater could have developed, for in none of these objects is there a recog- 
nized neck or channel by which the expanding gases could escape to the 
surface. If the explosion were deep-seated, then the crater could have orig- 
inated only if the ascending shock wave were powerful enough to knock 
some of the ground layers into the air much as a stone striking a wind- 
shield will often cause a funnel-shaped chip to fly off the other side. 

To avoid some of these difficulties, certain attempted geologic explana- 
tions have postulated two explosions, one directly over the other. The 
odds are definitely against this, even without the corroborating evidence 
that the Sierra Madera dome fades out with increasing depth. The explo- 
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sion focuses for these peculiar objects were shallow, not far below the sur- 
face. 

Under any assumptions one or more explosions must be considered to 
have happened. It seems strange that these cryptovolcanic structures 
range down to 1 or 2 miles in diameter when all the truly explosive vol- 
canic craters now known, as contrasted to the collapse caldera, are 2 miles 
or less in diameter. If both types of formation were caused by the release of 
subterranean gas pressure, their basic causes were far different. This is 
strikingly brought out by the lack of volcanic materials associated with the 
cryptovolcanic structures, the ones which were born during the more vio- 
lent spasms. 

Perhaps the chief objection to any deep-seated cryptovolcanic explosion 
theory is that it cannot account for the upraised and over til ted rim rock 
layers. Hack (68) in his study of the ordinary volcanic craters in Arizona 
was not able to find any deformation of the bedrock in the rims of the 
many volcanoes which he investigated. 

The meteor itic-imp act theory thus seems to fit the observed facts better 
than any other. It alone explains the bilateral symmetry so often found, 
and it alone seems capable of supplying the vast amounts of energy which 
are needed to give the observed results. 

Only one of two factors is now needed completely to establish the im- 
pact theory. The mass of the meteorite itself, in producing one of these 
vast objects, would probably be largely blasted back out of the crater and 
scattered over the surrounding landscape where erosion would soon re- 
move it. However, it is possible that some microscopic fragments of nickel 
non would lemain, even to this day, imbedded in the rock of some of the 
less eiodecl structures, such as that at Flynn Creek. If meteoritic iron is 
ever discovered associated with cryptovolcanic structures, then one of the 
greatest riddles in geologic history will have been solved. 

The other demonstration of the origin of such a structure would be for 
one to be formed today. The chances against such an occurrence soon are 
pei haps millions to one, but the possibility exists, as witness the numbers 
of small asteroids which in the past few years have passed within a very 
few hundi eds of thousands of miles of the earth. If one of them ever col- 
lided with the earth, the effect would be far worse than any battlefield 
holocaust, atomic bomb or otherwise; but after the immediate personal 
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effects wore off, it would answer many questions regarding the past his 
tory of the earth and moon 

In spite of all the favoring evidence, it is possible that few or none of 
these cryptovolcamc structures had a meteontic origin If so another 
mode of genesis must be found to account for them, and the scientist must 
look farther afield for the fossil meteorite Bears which must exist It cannot 
be conceived that the Arizona meteorite crater and others like those at 
Odessa Texas which arc all modern represent the accumulations of the 
ages 

Written in the Book of Geology m still obscure characters axe the rec 
ords of hundreds of thousands of collisions of the earth and extra terres- 
trial bodies 



CHAPTER 6 


Relationships 

O F ABSOLUTELY fundamental importance in establishing the 
mode of crater genesis is the necessity for determining whether or 
not there exist relationships and similarities between the lunar craters of 
all sizes and in all conditions. If no correlations are to be found between the 
different crater dimensions or if they are very weak, the necessary conclu- 
sion is that the lunar craters originated as physical expressions of perhaps 
similar but random forces, each pit taking its position and contour from 
purely local conditions. If definite relationships are found, one may reason- 
ably expect that these structures were each formed by variant applica- 
tions of the same forces. A high degree of correlation means a smooth 
transition from craters of a given size to those immediately larger and 
smaller with only slight changes in both relative and absolute dimensions. 

In order to interpret such statistical relationships as may exist, it is 
necessary to tie them into terrestrial functions of established character. 

In the early days, when the moon was not a subject anathema to many 
astronomers because of its interference with other delicate observations, 
men laboriously charted and studied the lunar surface. They did not have 
the advantages of modern instruments or photographic equipment and 
technique, but they did have the qualities of patience and perseverance 
and thus managed to accumulate much valuable information. SchrOter 
(69), working with his tiny telescope and “projection machine,”' made all 
sorts of measurements of the craters. He measured their diameters, depths, 
slopes of walls, both inner and outer, and determined the height of the 
piled-up rim material above the surrounding moonscape— all this for a 
great many of the craters, large and small. Eventually his care was re- 
warded in the establishment of a new general relationship, one which to 
this day is known as Schroter’s Rule: “For each crater the part of the ma- 

L A whUe scrcel ‘ divided into half-inch squares carried by a bar at right angles to the 
telescope, at a distance generally of 32J inches, giving a scale of 20" to the half-inch; and it 
was used by projecting the image seen by one eye onto the screen viewed with the other. 
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tens! above the surface is approximately equal to the volume of the Inte- 
rior depression below the surface * 

MacDonald (70) and Ebert (71) have re-examined tlie problem and 
have found an essential agreement with Schrtitci s early woLk No one has 
claimed that this rule is a universal truth Certain craters arc known in 
which the volume of the nm material would not fill the depression Others 
may be found which exhibit a reverse condition Nevertheless the tre- 
mendous numbers of craters which do fulfil the requirements of Schrflter’B 
Rule point strongly to the conclusion that the matter contained in the 
raised rims is actually shattered rock which was formerly crustal material 
violently displaced by the forces which produced the craterpit In this view 
the lunar craters were bom in cataclysmic explosions origins ting not far 
beneath the surface No choice can be made here between the single or 
multiple-explosion theory 

Implicit in Schrttter a Rule is another fact recognized even earlier 
namely that the lunar crater is a great pit, deep ui the absolute sense 
shallow relatively Its floor except in certain cases where there are other 
obvious explanations 1 b sunken, usually several thousands of feet Here Is 
the greatest possible contrast to a terrestrial volcano Here Ib no volcanic 
neck funneling magmatic materials from basement reservoirs to the sur 
face where they accumulate into a vast graceful mountain with a relative 
ly tiny craterpit high in the peak Here ib a new type of object a structure 
scarcely known on the earth a formation whose development if volcanic 
in nature must be vulcamsm of a sort completely unknown to modem 
geology 

The next great step forward was made by 1 bert (71) He first showed 
conclusively that the lunar craters belonged to one family and that there 
was a progressive change in form with increasing diameter For the smaller 
pits ranging up to perhaps 20 miles in diameter the depths scattered 
around an approximate value equal to 10 per cent of the width As the size 
increased the absolute depth increased, but not as rapidly as the diameter 
The lunar craters thus I income relatively more shallow as they grow 
broader At 60 miles the depth is possibly S per cent of the diameter and it 
may be 2 5- 1 0 per cent for the largest cratere 

The establishment of the true values of diameter or depth for craters on 
the moon is of academic interest The correlating of these facts fending to 
the expression of such a rule is of fundamental importance 1 rum Ebert s 
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Rule we must conclude that the craters originated in simil ar applications 
of one basic force and that an overwhelming majority of all lunar craters 
were formed in this manner 

To find that there ensts a clear-cut relationship between the diameter 
and depth of the craters on the moon which is valid over a range of diam 
eters differing by at least a factor of 30 is tantamount to determining that 
one process and one process only was responsible for the birth of esacn 
tiaJl y all these structures This Is not to be taken as denying the existence 
of crater like or crater related formB on the moon which originated in en 
tlrely different manners, but It does relegate such processes to on extreme- 
ly secondary role 

Fauth (72) has attacked the problem from another direction Trom 
measures on 162 craters he determined that the mean slope of the inner 


TABLE 3 

Relationship between Diameter and Inner slope 
(Fauth) 
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wall was directly related to the diameter in the sense that, the greater the 
diameter the lesser is the inner slope 

Fauth s work merely corroborates that done by Ebert Both sets of data 
illustrate the progressive change in depth of lunar craters as a function of 
diameter Below 30 km he found no significant change 

With respect to the slopes of the outer walls of the craters an equal 
unanimity is apparent MacDonald (70) Btates that his measures indicate 
far more gradual slopes than inside the pits Values of l°--3 0 are standard 
Schmidt (8) found 3 -8° although Neison (7) quoteB Schmidt as finding 
slopes of l°-4° Neison s own figures showed a range from 1 to 3° near the 
foot the portion of the slope joining the external plain and from 2° to 6 
toward the summit 

These Values are strangely revealing They clearly show that the crater 
runs all belong to one family but even more important is the fact that in 
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no case is the external slope even of the same order of magnitude as the 
angle of repose for solid particles On the earth the angle of repose for fine 
volcanic ash is about 30°-35° This Increases to 40°-4S° for coarser scoria 
and slag masses It may confidently be expected that these values are 
somewhat larger on the moon with its reduced surface gravity 

Tor liquid materials the viscosity determines the angle of repose In. 
Hawaii and Iceland the lavas (basalt) were of great fluidity They spread 
great distances and their slopes rarely exceed 8° 

Several possibilities suggest themselves The outer walls might have 
been formed by the cooling of lavas. The slopes are of the correct order of 
magnitude for this hypothesis These runs might have been domed up from 
the flat surface by subselenian forces They certainly were not deposited as 
volcanic ash and scoria but they could have been formed by the nearly 
horizontal ejection of matter from a central explosion The choice of aolu 
tion here must of necessity be made in conjunction with the interpreta- 
tion of the origin of the main excavation 

The smallest craters on the moon on which measurements have been 
made are 1 mile in diameter More or less accurate figures ore known for 
329 lunar craters These data are listed in Table 4 Most of the measure- 
ments were made by Schmidt (8) Borne by Beer and Mttdler (19) and a 
few by Neison (7) MacDonald s (70) tabulation of earlier measures was 
drawn upon substantially Data on 29 of the smallest craters were de- 
rived by the author An idea of the accuracy of the determinations of 
heights and depths may be realized from an analysis of Schmidt s meas- 
ures mode at diflerent limb distances and under different librations ihe 
probable error of the best determinations ib roughly ISO feet it may be 
1 000 feet for [xxircr values 

MacDonald (70) has drawn some interesting conclusions from the data 
in his list In this work he divided the craters into two main types — nor 
mal craters and walled plains Lhc distinction lictwccn these two types is 
Bomcwhat uncertain but is based primarily on the extent of the relatively 
flat floor of the pit and on the presence or absence of a marked central 
peak MacDonald found apjiarently a real difference lietwccn the two 
forms in that the walled plains averaged relatively more shallow than the 
normal eraters However still another conclusion seemed to be forced by 
hiB data It is obvious of course that Lhc moon s visible surface is divided 
into two roughly equal parLs Ihcrc aic extensive gray areas old lava 
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36 

5 26 

14 800 

4 17 



1 

Scorabv 

TamnLlaa 

1 

36 

5 26 

10 500 

4 02 

3 600 

3 56 

M 

4 

33 

5 27 

3 «o 

3 56 

2 100 

3 32 

1 

Baytr 

1 

35 

5 27 

8 000 

3 90 




Burckhtrdt 

l 

33 

5 27 

12 700 

4 10 



M 

ArfatUlm 

1 

33 

5 27 

10 300 

4 01 

4 400 

3 64 

M 

Franklin 

2 

33 

5 27 

7 900 

3 90 




Ufllff 

1 

35 

5 27 

10 800 

4 03 



M 

Capuuus 

4 

35 

5 27 

6 000 

3 78 




CjthsXm 

ildotiuj 

1 

3 

35 

34 

5 27 

S 26 

11 800 

9 700 

4 07 

3 99 




Gucrikn 

4 

34 

5 26 



2 100 

3 32 


Pictet 

3 

34 

5 26 

9 700 

3 99 



M 

Neander 

2 

34 

5 26 

8 200 

3 91 



1 

Le Monnior 

4 

33 

5 24 

8 000 

3 90 




FcmnHiu 

3 

33 

5 24 

(3 700) 

(3 76) 




Aimanon 

2 

32 

5 23 

6 600 

3 62 




Cardanm 

2 

32 

5 23 

4 000 

3 60 



l 

Sdcuott 

t 

32 

5 23 

10 000 

4 00 



1 

Ca vaidtah 

3 

32 

5 23 

6 000 

3 78 



1 

Doiimbre 

2 

32 

5 13 

9 800 

3 99 



l 

Pltnlui 

1 

32 

5 23 

(7 400) i 

(3 67) 

2 000 

3 30 

M 

Apolkmut i 

4 

31 

5 21 

5 000 i 

3 70 




Lind an mi 

1 

31 

5 21 

8 500 

3 93 



M 

AnuHvoru 
VcfideHnua D 

1 

2 

31 

31 

5 2L 

5 21 

7 700 
(8 400) 

3 89 
(3 92) 



1 

Huatocn 

4 

31 

5 21 

3 000 

3 46 

2 600 

3 41 

M 

Billy 

4 

31 

5 21 

3 600 

3 56 

2 500 

3 40 


Campanui 

4 

30 

5 20 

5 900 

3 77 




Tbeblt 

2 

30 

5 20 

9 200 

3 96 



M 

Scgner 

3 

30 

5 20 

8 400 

3 92 

(6 400) 

(3 an 


Aaophi 

1 

30 

5 20 

10 200 

4 01 

(3 800) 

h *8) 


Bwimont 

4 

30 

5 20 

5 400 

3 73 

3 000 

3 48 


Eplgmci 

Mercator 

4 

4 

30 

30 

5 20 

5 20 

5 200 

4 800 

3 72 

3 68 



1 1 

CUvini b 

1 

30 

5 20 

13 100 

4 12 

6 000 

3 90 

M 

FouHer 

2 

30 

5 20 

7 700 

3 69 




Nail red din 

1 

30 

5 20 

9 000 

3 95 



M 

Slraaik 

1 

30 

5 20 

(10 200) 

(4 01) 



l 

Wrollatey 

1 

30 

5 20 

9 000 

3 95 



M 

Miller A 

l 

30 

5 20 

10 000 

4 00 



1 

Frauenhofar 

3 

30 

5 20 

5 000 

3 70 



l 

Ronhokl 

l 

29 

5 18 

9 000 

3 95 

2 300 

3 36 

M 

ArUtardiua 

1 

29 

5 16 

6 900 

3 84 

2 600 

3 41 

l 

Bernoulli! 

1 

29 

5 18 

9 800 

3 99 



L 

Rflmjcr 

1 

29 

5 18 

9 500 

3 98 



l 

Vltello 

4 

29 

5 18 



4 900 

3 69 

M 

Bacon b or B 

l 

29 

5 18 

9 200 

3 96 



1 

AgalharthSdei 

4 

29 

5 18 

3 800 

3 58 

2 500 

3 40 

M 

Saumirr 

2 

29 

5 18 

6 200 

3 79 




Ktes 

4 

28 

5 17 



2 000 

3 30 



120 











TABLE 4 — CaaUmti 


Num 

CION 

DUme- 

Lot 

u* m 

meter 

Depth 

(?•*) 

k* 

DapUi 

Rim 

Height 

log Um 
Helfhl 

Centre 1 
Peak 



(Mila) 

(Fe*U 

CF«*) 

<F«L> 

(P«l) 

1 lay fair 

KjJbct 

2 

28 

5 17 

8 200 

3 91 




3 

2A 

5 17 

(3 700) 

0 76) 



? 

BuflcWng 

3 

28 

5 17 

4 000 

3 60 




Umdiberg 

1 

28 

5 17 

7 700 

3 89 

mwixm 

3 48 

1 

Agrfppc 

Cqiheut 

1 

1 

27 

27 

5 16 

5 16 

7 500 

9 200 

3 88 

3 96 

(3 600) 

(3 58) 

t 

1 

Rothmann 

1 

27 

5 16 

8 500 

3 93 


(3 53) 

? 

Parry 

4 

27 

5 16 

(4 800) 

P «) 

(3 400) 


ItkkmiB 

3 

27 

5 16 

(5 200) 

o n) 




Marina 

A 

27 

5 16 

4 500 

3 65 



1 

Bacon A 

1 

26 

5 14 

6 400 

3 92 

EELSI 

(3 68) 

? 

Newton a 

1 

26 

5 14 

9 400 

3 97 



? 

BOi* 

l 

26 

5 14 

6 200 

1 79 


0 H) 

1 

Abcncmi 

l 

26 

5 14 

10 300 


1 

AljuLniiiiB 

Hen 

1 

1 

26 

26 

5 14 

5 14 

9 000 

9 400 

^ 95 

3 97 


3 52 

1 

M 

Ball 

1 

25 

5 12 

5 000 

3 70 



l 

TadtuB 

1 

25 

5 12 

11 000 

Hlill 



1 

Democrilua 

l 

25 

5 12 

5 000 

3 70 



1 

Trmlla 

2 

25 

5 12 

(9 200) 

(1 96) 



M 

Bianchlni 

1 

25 

5 12 

8 400 

3 92 



1 

Gebcr 

l 

25 

5 12 

8 400 

3 92 



1 

Malian 

1 

25 

5 12 

8 700 

3 94 

4 300 

3 63 


I JHub a 

l 

25 

5 12 

10 000 




? 

Mam Qua 

l 

25 

5 12 

7 700 

3 89 

mm 

3 48 

M 

Mcrcuriua 

2 

25 

5 12 

7 500 

3 88 



1 

Stilwriua 

l 

25 

5 12 

9 400 

3 97 



1 

TayW 

l 

25 

5 12 

7 400 

3 87 



l 

Vendelhui A 

l 

25 

5 12 

(6 700) 

(HI) 



M 

Tlasoanrl 

2 

25 

5 12 

9 000 

1 95 



? 

Lolomlw A 

1 

25 

5 12 

8 000 



i 


Raal 

1 

25 

5 12 

7 900 





MagdhacnB 

4 

25 

5 12 

4 600 

1 66 




Fermat 

2 

25 

5 12 

6 000 1 

* 78 




Hcnxlolua 

4 

24 

5 10 

4 400 

3 64 


P 71) 


Schriler 

4 

24 

5 10 



5 100) 


Harpalua 

1 

24 

5 10 

(7 900) 

O 90) 

(3 100) 

O 49) 

M 

Aulnlycua 

1 

24 

5 10 

9 500 

3 98 

4 81X) 

1 68 

1 

1 

Kdchcnbach H 

2 

24 

5 10 

(7 400) 

(' 87) 



Shan) 

l 

24 

5 10 

9 200 

1 96 



1 

ArchyLaa 
( om Limine 

l 

25 

5 08 

6 200 

3 79 



M 

4 

25 

5 08 

0 400) 

p U) 


1 5.1 

M 

Davy 

4 

25 

5 08 

(4 400) 

b m5 

1 4<n 

1 

Ncwlon c 

1 

22 

5 06 

14 100 

4 15 


1 77 

? 

llcbfo 

1 

22 

5 06 

7 700 

3 89 

5 900 

? 

Sttnuneriiig 

4 

22 

5 06 

(4 800) 

0 «t) 


0 33) 

M 

llamcma h 

1 

22 

5 06 

7 400 

3 87 



l 

Wunellmucr d 

| 

22 

5 06 

H 000 

3 90 




Kffcric 

4 

22 

5 06 

400 

2 60 



l 

(todin 

1 

22 

5 06 

7 700 

3 89 


1 5.1 

1 imocharla 

1 

22 

5 06 

7 100 

1 85 

3 400 

1 

Hofilendlc 

4 

22 

5 06 

6 100 

3 79 




Kant 

1 

22 

5 06 

7 500 

1 88 



1 

Halley 

2 

21 

5 05 

(7 500) 




l 

kcplLr 

l 

21 

5 05 

7 S00 




Mason 

A 

21 

5 05 

(6 100) 



? 

Reiner 

l 

21 

5 05 

6 900 

5 84 


3 83 

M 

Cichua 

l 

21 

5 05 

8 000 

1 90 

6 700 

M 

Midler 

1 

21) 

5 03 

7 500 

1 88 

3 600 

3 16 

M 


121 


















TABLE 4 — Conti&Med 


Nina 

CUh 

Dluu 

la 

(Kilo) 

Um T>i 

Ulltw 

(Feet) 

DwXh 

(Poet) 

k* 

Depth 

CFeei) 

Helflhl 

(Ft*) 

lop RLn 

H WU 
(Feet) 

Coitr 1 

Peak 

Moiotuu 

1 

20 

5 03 


3 82 



M 

Timaou 

2 

20 

5 03 

■cf/HM 

(3 68) 



M 

Eockfl 

4 

20 

5 03 

KImiI 

3 30 



l 

Euler 

1 

19 

3 00 

UTmM 

3 83 

rvivi 

1 36 

1 

Lambert 

1 

19 

5 00 

WTufl 

3 82 

He J 

3 32 

1 

Archyto m A 
Vitruvius 

1 

A 

19 

19 

5 00 

5 00 

6 300 

4 400 

3 79 

3 64 



? 

1 

Procloa 

1 

19 

5 00 


3 95 



M 

Them ft* hn 

1 

19 

3 00 

8 400 

3 93 


3 53 

1 

CtUppui 

1 

18 

498 

■‘TitTH 

3 99 

tzzl 

3 90 

Amo 

Chnfetlfji Mayer 

1 

18 

498 


(3 77) 



1 

2 

18 

4 98 

RvaVrfl 

3 59) 



l 

Horrocki 

1 

18 

4 98 

SdrfiYnfl 

3 90 



M 

Gassendi A 

1 

17 

4 95 


EKZ1 



1 

Ron 

1 

17 

4 95 

Irl'ml 

(3 68) 



1 

Grove 

l 

17 

4 95 

BfaiyjH 

3 85 



M 

Sabine 

4 

16 

4 92 


3 45 

nn 

(3 11) 

1 

Newton b 

1 

16 

4 92 

7 100 

3 85 


? 

Schiaparelli 

DdUe 

1 

1 

16 

16 

4 92 

4 92 

(6 700) 

6 300 

(3 83) 

3 79 

mi 

3 26 

3 26 

1 

1 

Flamsteed 

1 

16 

4 92 

Bv 

KM 

hk*!<k 

3 18 

? 

GrimiUH B 

1 

16 

492 


4 01 



? 

Lanjjrama M 

1 

16 

492 

Br mmH 

3 98 



? 

Lalando 

1 

15 

4 90 

Ktiil 

3 78 



1 

Clavlua d 

1 

15 

4 90 


3 78 

3 100 

1 49 

l 

Hctrmhifl d 

1 

15 

4 90 

iH! TuB 

3 94 



M 

Conan 

1 

15 

4 90 

TmB 

3 81 



1 

Rlltor 

4 

15 

4 90 






MOeUofl 

1 

14 

4 87 

iK ’.ViH 

3 82 


BtEID] 

V 

Krrigtr 

4 

14 

4 87 



B'KujI 

3 36 

? 

Picard 

1 

13 

4 84 

6 400 

3 81 

B'Kmi 

3 40 

1 

Dawes 

1 

13 

4 84 

(4 800) 

(3 68) 

■353 

3 41 

? 

Hdlara 

1 

13 

4 84 

5 700 

3 76 




Trlemcckcr 

2 

13 

4 84 

(5 400) 

(3 73) 


3 36 


KBntg 

1 

12 

4 80 

(5 100) 

(3 71) 

■ikVijI 

0 id 


Pierce 

1 

12 

4 80 

6 600 

3 83 

aft'&Vjjjfl 



BullltWa* B 

1 

12 

4 80 

(5 200) 

(3 73) 

Ki: i'ta 

3 4S 


Pytheas 

1 

12 

4 80 

(4 800) 

(3 68) 


3 41 


Bcsd 

1 

12 

4 80 

4 300 

3 63 


3 20 


Dlo|itianLuB 

1 

12 

4 80 

BKUB 



3 41 


MacroUiA a 

l 

12 

4 80 


3 98 




Gemma FrWui d 









or G 

l 

12 

4 80 

IKfXiB 

3 95 




Rairucks 

1 

12 

4 80 



RSSI 

3 30 


MlHchnis 

l 

11 

4 76 

■ilh ijB 

(3 49) 

lass 

KEH 

KB 

Lewder 

1 

11 

4 76 

wWr*B 

3 79 

1 500 

3 18 

IKK 

Cowl ill A 

1 

11 

4 76 


3 87 


(3 45) 

1 

Hor taolus 

1 

11 

4 76 



1 600 

3 20 

\ 

Bode 

l 

11 

4 76 

iHTTmB 

3 70 



l 

Galileo 

l 

10 

4 72 



2 100 

3 32 


Marius A 

l 

10 

4 72 

(7 400) 

(3 87) 

E9E1 

3 12 

? 

Gey Luaac A 

2 

10 

4 72 

4 800 

3 68 



1 

Kunowiky 

2 

10 

4 72 



IBIiaJ 

3 30 

1 

MacrobiuB B 

1 

9 

4 68 

(7 700) 

(1 89) 



? 

Kepler C 

1 

9 

4 08 


3 26 

? 

Blrt (N) 

Meaner A 

1 

9 

4 68 

W£J 

3 77 

Iwmtfm 

3 40 

? 

1 

9 

4 68 

Kira 

3 83 

2 100 

3 32 

? 

Manners 

1 

9 

4 68 





1 

Nicollet 

1 

8 

462 

mm 

mm 



? 


m 





















TABLE t-ConllMMed 


N me 

( Lu 

DitBM- 

ler 

{Ml lea) 

loalM 

meter 

(Fail) 

D*xh 

(Fail.) 

Vm 

Depth 

(Fom) 

RIb 

H L«hl 
<F«4J 

hw aim 

H l*hi 
(Va«) 

L Uil 
PMk 

Boa- 

1 

8 

4 62 

6 600 

3 82 

1 500 

3 18 

? 

Fiord d or A 

1 

8 

4 62 

7 500 

3 88 

2 000 

1 30 

? 

Picard o or E 

1 

8 

4 62 

4 400 

3 64 



? 

Gnrllt 

1 

8 

4 62 



L 500 

3 18 

? 

Beer A 

i 

8 

4 62 

2 000 

3 30 



? 

MOichiiia A 

1 

7 

4 57 



3 100 

3 49 

? 

PoddonluB A 

1 

7 

4 37 

(3 800) 

(3 58) 

(2 000) 

(3 30) 

? 

Plena A 

1 

7 

4 37 



1 600 

3 20 

1 

Caroline Hervchd 


7 

4 57 

3 000 

3 48 

2 300 

3 36 

1 

Brayiey B 

I 

<5 

4 51 

3 000 

3 48 

1 000 

3 00 

? 

Plaid Smyth 

1 

6 

4 51 

3 500 

3 54 

2 100 

3 32 

? 

(Capo) Laplace 

l 

6 

4 51 



1 600 

3 20 

? 

Kla Ii 

1 

6 

4 51 

3 600 

3 56 



? 

Cariinl 

1 

5 

4 41 

2 000 

3 30 



1 

PicnB 

l 

S 

4 41 



t 800 

3 26 

l 

Galileo a 

1 

5 

4 41 



1 600 

3 20 

? 

Luther 

1 

5 

4 41 



1 300 

3 li 

? 

Murchlaon A 

1 

5 

4 41 

3 000 

3 48 



? 

Dinphantua A 

1 

«i 

4 41 

4 800 

3 68 



? 

Bull laid 01 F 

1 

5 

4 41 

3 800 

3 58 



? 

SI£ of Purbach 

l 

3 

4 41 

1 650 

3 21 



? 

Herodotui B 

1 

4 

4 12 



1 000 

3 00 

? 

Copernicus D 

l 

4 

4 32 

4 200 

3 62 



? 

Hulllalriua I 

1 

4 

4 32 

3 900 

3 59 



? 

Lubinleaky I 

l 

4 

4 32 

3 800 

3 58 



? 

Birt D 

l 

4 

4 32 

\ 950 

3 29 



? 

Mai nui A 

l 

3 

4 20 

4 (JOO 

3 GO 



? 

h, of Plato* 

1 


4 20 

L 400 

3 15 



? 

Y of ] l ilcmncua 

1 


4 20 

I 800 

3 26 



? 

PlLon A 

l 

2 6 

4 H 

1 630 

3 21 

560 

2 75 

? 

PI Urn B 

1 

2 1 

4 04 

1 460 

3 16 

1 OHO 

3 0.3 

? 

N of Lambert 

1 

2 

4 02 

2 800 

3 45 



? 

W of Arc hi 









medet K 

1 

2 

4 02 

1 450 

3 16 



? 

F of Archimedes 

l 

2 

4 02 

] 600 

3 20 



? 

In 1 UtlcinacuB 

1 

2 

4 02 

940 

2 97 



? 

In Ptolcmacua 

1 

2 

4 02 

1 000 

3 00 



? 

In 1 lolcmaeua 

l 

2 

4 02 

1 050 

1 03 



? 

] of IHidomaeus 

1 

2 

4 02 

1 700 

3 23 



? 

Iklween PI Lon k 









Kirch 

l 

1 6 

3 93 

1 240 

1 09 

520 

2 72 

? 

Between Lhc above 









k 1*1 Lon 

1 

1 3 

l 84 

1 030 

3 01 

300 

2 48 

? 

W ofP Smyth 

l 

1 l 

3 84 

1 240 

3 09 

300 

2 48 

? 

Near Kirch 

l 

l 2 

l 80 

980 

2 99 



? 

N of 1 iUki 

l 

l 

3 72 

810 

2 91 



? 

N of Kirdi 

l 

1 

3 n 

1 000 

3 00 



? 

S of Hirl 

l 

1 

\ 72 

1 600 

3 20 



? 

In Ali>h maufl 

1 

1 

3 72 

950 

2 98 



? 

In 1 urbach 

l 

1 

l 72 

940 

2 97 



? 


123 



124 


THE FACE OF THE MOON 


flows covering much of the northern hemisphere These regions ore rather 
dull in color The balance of the surface ib much brighter and very con 
slderably rougher MacDonald has called it the continental area, as 
contrasted with the mana or seas Scattered over the continental area 
are certain craters which are deeper relative to their diameters than others 
A relationship of this type also held good for the group he called walled 
plains On this basis the two main groups of craters were subdivided into 
two classes each — continental and normal Tor each of these four types an 
equation was derived relating diameter to depth for pits broader than 
4 miles across, hence subdividing Ebert s work into four sections The re- 
sulting equations arc 

A = 0 378d 1 /* (1) 

for normal craters The depth of the crater ib represented by A and the 
diameter by d both in kilometers 

A-0 378dV + 0 95 (2) 

for the continental craters 

A -0 234 d'/» (3) 

for the normal walled plains 

A = 0 234rfV + l S (1) 

for the continental walled plains 

Similarly MacDonald found approximate equations for the relation 
ship between diameter and height of the nm above the external plain 
This latter value is prone to underestimation because the reference points 
selected themselves often lie on the gentle slope 
The two equations are 

fl-0 153dV* (S) 

for craters The value H represents the nm height in kilometers 

H — 0 152 d 1 /* (6) 

for waJled plains except in each case, a few scattered continental objects 
which are high These equations and conclusions will again be examined 
in the light of an analysis of the data of Tables 4 5 and 6 

The differentiation of craters and walled plains into normal and conli 
nental types was based on the assumption that because an apparent ex 
cess of relatively deep pits occurred primarily although not exclusively 



TABLE 5 

Terrestrial Meteoritic Craters 


Nuio 

Dl Mir 
(FmI) 

bf Dl 

iflilv 

(F«L) 

Dqjth 

(F«t) 

loa Diptl 

fF«l) 

Rim 

Height 

(toot) 

b* Rl- 

Helfhl 
(F rt) 

Notu 

Arizona 

4 130 

3 62 

700 

2 85 

165 

2 22 

1 

Ode*a Ko 1 

530 

2 74 

130 

2 11 

40 

1 60 

2 

Odessa No 2 

70 

1 85 

17 

1 23 




Henbury No 13 

30 

1 48 

10 

1 00 





1 Depth determined from borings. Rim height fa the praent-day figure. It probably was 
□early 300 fool high originally 

2 Depth determined from ihafL Rim height given 1 b moat probable figure for original 
heigh L 


TABLE 6 

Terrestrial Exkasion Prra (73) 


w Lgbt r 


Dl 

b* Dl 

n*pth 

(Ke«t) 

W 

RLv 

ba RIb 


Ezpbil 

Type I Espbelra 

moiw 

■wUr 

Dopth 

H tfhl 

H iKhi 

Nairn 

m«) 


(F it) 

(Feel) 

U -0 

(FmD 

(Ff#t> 


4 500 

Ammomailfataai 









peter 

400 

2 60 

90 

1 95 



1 

35 

Ammonal 

340 

2 53 

67 

1 83 



2 

30 

TNT 

270 

2 43 

70 

1 85 

15 

1 18 

3 

6 

Gunpowder 

Bloat powder 

17L 

2 23 

28 

1 43 

a 

0 w 

4 

600 

158 

2 20 

43 

1 63 

15 

l 18 


85 

3 

Black powder! 
Dynamite J 
Ammonium nitrile 

150 

2 18 

60 

1 78 




300 

150 

2 18 

30 

1 48 




15 

Dynamite 

JU8 

2 03 

20 

1 10 



5 

12 5 

Dynamite 

90 

1 95 

15 

I 18 



6 

11 2 

Dynamite 

73 

1 88 

30 

1 48 



6 

9 

Dynamite 

60 

1 78 

JO 

1 00 




12 

Dynamite 

50 

1 70 

22 

1 34 




10 

Smoke lc* jxiwilcr 

50 

l 70 

18 

1 26 




11 

TNT 

50 

L 70 

15 

1 18 




10 

12 

Dynamite \ 

Black i»wdcrj 

50 

1 70 

15 

1 18 




12 

Dynamite 

40 

I 60 

15 

1 18 





1 Explosion at Hailiacho Anllln & budafabrik, ChxMji Bavarian I’aLnUnale September 21 
1921 60 |«r cent ammonium nitrile 40 per coiL KCt or NaCl 

2 Military mine crater (Hrlllah) Hill 60, near Yprea. 

^ Military mine era ter La llolnd I o— two charges 60 feel aj^rl 

4 Oval average diameter used 

5 Oval average diameter used In freight cor 
6. In freight car 
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in one morn region of the lunar surface the basic underlying cause was to 
be sought in the nature of the location That this is not the nw. will be 
mode clear 

From the work of Ebert and MacDonald it is now evident that there do 
exist definite relationships between the various dimensions: of the lunar 
cr&tero The general forms of the functions are known, but their exact na 
tures arc not yet defined It is of vital importance that these relationships 
be recognized but it is also clear that, unless the functions bo derived can 
be extended to and correlated with phenomena well known here on earth 
no definite conclusions can be drawn regarding the mode of crater genesis 
To this end the literature concerning all forms of terrestrial craters pits 
calderas and sinks has been searched and much Information on dimen 
Bions collected 

When these data were assembled, It became patent that one type of 
crater and only one was of the proper form to suggest a similarity in origin 
to that of the lunar craters This Is the simple explosion pit, the crater 
formed by a single application of explosive power Such a crater may be 
produced by bomb or shell military mine or meteorite the effect 1 b the 
same 

Fortunately during the recent war jicriod tremendous amounts of 
knowledge were gathered concerning the properties of mortar and artll 
lory shells and bombB, both army and navy Some of this information is 
now available to the public in censored form It is possible to compare 
diameters and depths of Buch craters but not to identify the weapon which 
produced the pit The values used in the next chapter and shown in Tigurc 
12 have been token from actual firing records of many hundreds of shells, 
ranging from the smallest mortar to the largest field-artillery piece, from 
tmy demolition bombs to blockbusters There arc also records of numerous 
blasts from vast quantities of high explosive resulting in similar craters 

In no other type of caldera known on earth can the relative dimensions 
consistently be correlated with those of the lunar craters The case for the 
explosive origin of the craters of the moon appears to be unassailable 



CHAPTER 7 


Correlations 

I T IS one of the charms of the moon that it presents so many widely 
different views. Many of its craters are in a condition of pristine ele- 
gance* standing forth sharply and clearly from a less distinct background 
as though they had been formed but yesterday. Others seem more aged, 
their once perfect outlines marred by superimposed craters, usually small- 
er, which originated with no regard for the pre-existing object, All grada- 
tions of this sequence are readily recognized. 

Another, and parallel, sequence is present. Many craters have been in- 
vaded by lava flows. Those in the regions now covered by the maria, ex- 
cept for the obvious postmare group, have been simply swamped by the 
vast liquid floods. In other cases the lavas have come from within the 
crater, have appeared, not with explosive violence, but calmly, as water 
rises in a well, as if the formation of the crater had fractured the crust and 
weakened it to allow the deeper juices to ascend to a stable level. Most of 
these cases are near a mare. 

On the basis of appearance only, and with no association with measured 
dimensions, all craters for which fairly trustworthy measurements were 
available were grouped into four classes (Table 4). Class 1 contains only 
the pits which are definitely younger than their neighbors. Classes 2 and 3 
contain craters which appear progressively older, having been more often 
violated by newer formations. Class 4 contains all those objects which 
have been modified by the inflow of lava. In addition, a very few of the 
most ancient rings, such as Catherina, have been lumped together in this 
group. 

In making this classification no weight was given to the size or absence 
of a central peak. Instead, the emphasis was placed principally on the ap- 
pearance of the walls with due record made of the frequency of the dis- 
turbing craters. 

Those structures in Class 1 are more nearly representative of the se- 

128 




Bomb Cratfrb, Foch-Wult Wo id, Maiikcburo Germahy Crate rb Partially 
Filled by Seepage ot Water and Silt Compare with \rceimedc8 ok Pl. VI 
(Official Photooraph U S. Are Forces) 



PLATE XII 





CORRELATIONS 


131 


quence of crater ahapca at the tune of their formation than are the others. I 
Hence the basic correlations with terrestrial objects should be attempted 
with them The simplest and perhaps most revealing relationship is that 
between the diameter and depth of cratere MacDonald derived hiB four 
equations from cratcre larger than 4 miles in diameter Now additional 
measures down to craterB only 1 mile across ore available and Ebert b 
Rule may be reappraised on the basis of these new data and on the dari 
fi cation incident to the separation oF the craters into relative age groups 
The spread in measured lunar crater diameters is about ISO 1 The 
largest cratcrplt man made is thirteen times smaller than the least in the 
lunar list Numerous others range downward over an additional factor of 
100 There is a similar vast compass in crater depths To Bhcrw such di 
veigent dimensions on a single chart, it 1 b necessary to use a log log Beale 
rigure 12 illustrates the beautiful relationship between the lunar craters 
on the upper right and shell bomb and explosion pits on the lower left, 
the co-ordinates being expressed as logarithms of the diameters and depths 
in feet The dimensions used here arc In all cases the apparent dimensions 
measured From the top of the nm rather than at ground level 

Unfortunately these two groups do not overlap and thus establish the 
explosive one shot nature of the lunar pits However, nature lias stepped 
into the breach and obligingly furnished four metcontic craters whose di 
mcnsions have been carefully measured Many other such craters ore 
known of course but have not l«cn thoroughly investigated Two of the 
four craters Hcnbury No 1 3 and Odessa No 2 have diameters and 
depths so related that the two points representing them in 1 Igurc 12 11c 
well within the scatter of the points for the terrestrial explosion pits An 
other Odessa No 1 extends the curve toward the lunar jiolntB Beyond 
Odessa No 1 lies the only gap in the picture but here ogam fortune is 
kind for the apace is bounded on the upper side by the great Arizona 
meteorite crater The point representing this Coon Butte pit lies immedi 
ately below but well within the lateral scatter of the points for the lunar 
craters There is thus a very smooth curve which represents equally well 
the largest Class 1 lunar crater and the smallest terrestrial explosion pit 
These two groups tied together perfectly by craters of known metcontic 
ongin form a relationship which is too startling too positive tobefortui 
toils The equation 

D=-0 1081^ + 0 6917rf + 0 75 (7) 




{FEET} 
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a simple quadratic gives an excellent fit where 

D — log diameter (feet) 
d “ log depth (feet) 

figure 13 A B C shows on the same scale the curve from equation (7) 
compared in succession with the lunar craters of Classes 2 3 and 4 It is 
seen that these groups in order, become more and more shallow The slope 
of the curve indicated by the points m each case is roughly parallel to the 
curve for the Class 1 craters, hence the larger craters of the other three 
classes lose in depth at the same relative rate as do the smaller objects 
but more rapidly in absolute dimensions 
In rigure 13 arc also Bhown for comparison the four curves found by 
MacDonald (70) These functions were derived only for the craters larger 
than 4 miles m diameter or D •* 4 41 They have been extended to show 
that the curvature is in the wrong direction and that they cannot be made 
to represent the terrestrial data which have been shown to be consistent 
with the lunar crater dimensions These functions represent the beat pre 
vioub effort to analyze the data on crater dimensions and hence to indi 
catc a |KJ88iblc mode of origin rhe limitations of this attempt arc appar 
ent The bold step, the tying in of the lunai data with terrestrial know! 
edge was not mark The try failed as have all previous attempts to Bet up 
relationships which would indicate the cause of the surface features of the 
moon lie cau sc it never passed the point of ambiguity 
The argument over the mode of origin of the moon s craggy formations 
has raged unabated Btnct Galileo first turned his tiny telescope toward the 
moon and found ring mountains over three hundred years ago Numerous 
theories both wild and sound havo been advanced to explain these ob 
jccLm In most coses they died as rapidly as they were bom for obvious 
reasons l he same elements exist on the moon as on the earth rhe same 
physical laws arc ojicrativc on both worlds Therefore it Is only logical to 
Beck the explanation of lunar formations in IcmiB of things known to be 
possible here on earth rather than to delve into the realm of the fantastic 
and postulate strange new processes allx.it weird variations of recognized 
terrestrial mechanisms L lie second stage should not he entered until the 
ixissibilitics of the first arc exhausted It is in this step that previous 
Btudics have failed It is in this step that the main curve of I igurc 12 gives 
the firat unmistakable eluc 
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On earth we know and are familiar with the effects of high explosive It 
Is used in numerous military and commercial applications The laws gov 
erning its effects, particularly with regard to its crater forming powera, are 
understood primarily because of work done by the armed forces 

The smallest mortar shells fuzed delay moke cratcrB less than 3 feet 
across and less than 1 foot deep Trom these insignificant pits there is a 
smooth, continuous progression in size first, to the larger shell craters 
then to those from bombs and other great explosions Overlapping the 
portion of the curve defined by the man made pitB ib the section delineated 
by the terrestrial mcteontic craters which are known to be due each to a 
single explosion and hence the verifiable portion of the curve is moved up- 
ward to a place where the scatter of points representing the lunar craters 
forms a logical and entirely consistent extension 

The only reasonable interpretation of this curve is that the craters of 
the moon vast and small, form a continuous sequence of explosion pits 
each having been dug by a single blast No available source of sufficient 
energy is known other than that earned by meteorites 

The observed relationship between diameters and depths is clearly of 
the type to be expected for explosion pits It con also be shown that there 
exist other correlations between crater forms and dimensions which may 
be extended from the man made crateni through the terrestrial mcteoritic 
craters and the lunar craters 

A shell or bomb is so constructed that the greatest fragmentation and 
the greatest blast clfect occur primarily In the plane of its equator In 
spite of this the form of the crater produced by a Bhcll or bomb is csscn 
tially circular 1 he nm may be slightly oval or even tend toward polyg 
onalism T his holdB true regardless of the angle of fall almost down to the 
limiting case in which a ricochet occurs before the detonation The various 
terrestrial mctcontic cralcre are undoubtedly formed by the nearly hon 
zontai blasts of superheated compressed air and other vaporized matter 
As has been shown in the majority of cases oblique imiwcta lead to nearly 
circular craters which may tend toward a multisidcd Bhapc F xoctly the 
same description fits the lunar craters 

All terrestrial explosion pits arc produced by the violent displacement 
of earth materials upward and outward, thus forming a sunken pit and a 
surrounding low nm This run ib concentric with the pit is sleep on the 
inner face and gradually dips down to the level of the outer plain The 
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maximum height of the run occurs at the upper edge of the apparent 
crater and this height increases with increasing crater diameter SchrOters 
Rule finds an exact counterpart here for the ejected run materials certain 
ly would fill the pit if replaced including of course any fragmental pieces 
blown so far that they seem distinct from the rest of the rim This descrip- 
tion applies equally well to the lunar craters of Class 1 and with decreas- 
ing rigor to the other three classes 
A definite and simple relationship exists (Fig 14 A ) between the diam 
eter and rim height of all explosion pits and lunar craters 

E= — 0 097Z)'+1 542/? — 1 841 (8) 


where 

E = log nm height (feet) 

D — log diameter (feet) 

The difference between the apparent crater depth as derived from equa- 
tion (7) and the nm height from equation (8) yields the true crater depth 
below ground level (rig 14 C) 

Tigure 7 allows that to a first approximation the form of any Class 1 
crater is that of a cup It may be represented approximately by the seg 
ment of a sphere whose size is defined by the internal depth of the sub- 
surface crater and its surface diameter Equations (7) and (8) may be used 
to give the observed mean values of real crater depth and nm height as 
functions of diameter Trom measurements of numerous craters it was 
found that the width of the nm is roughly one-quarter of the crater diam 
eter On the average the central peak rises half the way from the crater 
floor to the ground level These assumptions allow a calculation of the 
volume of the displaced matenal and also a theoretical determination of 
the nm height on the basis of equality of volumes If the calculated and 
observed nm heights agree it is a clear confirmation of Schrttter s Rule 
As may be seen over the entire range covered by the Class 1 craters the 
agreement between calculated and observed lunar crater nm heights is 
excellent and Schrflter s Rule is completely confirmed (Table 7) 

It is important to know whether or not the depth at which on explosion 
takes place has a great bcanng on the form of the resultant apparent cm 
ter Such an analysis cannot be made with respect to the lunar craters or 
to the terrestrial meteoritic craters However it has been the subject of 
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numerous studies of bombs and shells and for Buch explosion pits the an 
swer is definitely No for a wide range m depth of explosion for a con 
atant explosive charge The linear dimensions of the craters are directly 
associated with the violence of the explosions and with the depths at 
which they occurred but the relative dimensions are almost independent 
of the depth 

Tigure 15 illustrates for a constant mass of explosive the experimentally 
determined changes in crater size and form as the center of explosion 
given by the star ib placed at different distances below ground The verti 
cal and horizontal scales arc the same in all cases The shaded areas repre- 
sent loose material 

Tigure 16 combines the data from Figure 15 The vertical and horizon 
tnl scales are the same although the vertical scale is used os a pure num 


TABLE 7 

CALCULATED AMD OBSERVED RIM IiKIOHTS 


Cnt m niAQi«Ur 
(lfltaft) 

Keel Crater 
D«tfa (Fall 

Vahiu 

(CibicUlkm) 

RJm Height 
(F«l) (C Ic ) 

Rim HdKhl 
(Pest) (Ota ) 

0 1 

90 

7X10-» 

68 

43 

l 

516 

3X10“* 

277 

355 

20 

4 200 

92 

2 200 


40 

7 000 

615 

3 700 

4 300 

60 

9 300 

1 850 

A 900 

5 100 

80 

11 500 


6 100 

i 

5 900 


ber for the curve which gives the ratio of diameters over depths It is seen 
that until the depth of explosion increases almost to the point where a 
camouJUt 1b formed the relative dimensions of the apparent crater arc 
nearly constant Hence for ordinary terrestrial explosions the form of the 
crater is not sensitive to moderate changes in the depth of explosion until 
the explosion occurs at a depth greater than one half the diameter of the 
resultant apparent crater 

It is probable although not demonstrably so that the same rule is fol 
lowed in the cases of the larger terrestrial meteontic craters and the lunar 
craters. 

Any meteorites which formed lunar craters undoubtedly arrived with a 
considerable Bprcad m velocities and hence they penetrated the moon s 
crust for different distances However, since the form of the crater is near 
ly independent of the depth of explosion at least for the smaller craters 
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such an effect should not be apparent in the diameter-depth r elations hip 
nor ia it observed 

The exact depth to which a given mass would plunge is difficult to cal 
culate It ib clear that a minimum figure can be derived The meteontic 
mass ns long as it is moving faster than the velocity of a aHorU wave in 
the crust S S miles per second will compress matter ahead of it The com 
hined mass meteorite pluB plug will slow up rapidly with a maintenance 
of total momentum ns the plug growB larger Essentially no momentum 
will Ik. lost during this interval The distance h from the ground to the 
base of the compressed matter at the instant that thiB velocity is reached 
may lie expressed as 


fc _4r pi (r-5 S) 

3 p. T3 

where 

r = The radius of the (spherical) me lean te 
pi ™ The density of the meteorite 
pi ™ The density of the ground layera 
p “ The Btnldng velocity in miles per second 


( 9 ) 


I or pi “ 7 9 and p* = 2 67 h and s are related as Bhown in Table 8 
After the shock wave velocity has been reached the combined mass would 
conic quickly to a halt and therefore the figures of Table 8 represent con 


TABLE 8 

1 KNKTRATION IV MBTKOllTKS INTO GROUND 



k 

10 

3 2 r 

IS 

6 Sr 

20 

10 4 r 

IS 

21 2 r 

so 

31 9r 


sen alive nunimums II may be pointed out that the larger masses pene- 
trate more deeply than smaller masses moving at the same velocity but 
that the differences are not great for the depth of penetration is propor 
tional lo the radius but the mass increases as the cube of the radiUB 
Wylie (4<)) has calculated the probable rangeB in mass and radiU3 of the 
body wlueb produced Lhc Ancona crater on the basis of extrapolations 
from mine explosions He finds for a spherical body that a Burpnsingly 
small mass is needed 
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Tor an assumed t*o “ 15 miles per second the meteorite would have 
punched a hole at least 67 feet deep It seems certain that Wylie s esti 
mate of the possible mass range for the Canyon Diablo meteorite ib op 
praximatcly correct Therefore the radius of the body is closely defined 
We arc forced to the conclusion that either the explosion centered close to 
the surface or cIbc the body struck with a very high velocity A radius of 
20 feet and a striking velocity of 50 miles per second the maximum pos- 
sible for a solar system meteorite would Lead to a depth of over 600 feet 
ThiB would have to be reduced somewhat as the angle of fall was perhaps 
45 from the vertical 

The above figures probably represent limiting conditions and yet the 
depths found arc reasonable It seems clear that even for the larger mete- 


TABLE 9 

Vkux ity vs Mars of Arizona Crater Meteor itk 


** (»1M) 

(f») 

U *■ (Too ) 

RULiu (FwO 

7 

5 3 

29 000 

32 0 

10 

7 1 

16 000 

26 1 

15 

10 0 

8 000 

20 9 

20 

12 6 

4 900 

17 A 


v«~Tk« tocllyj Hi cuLBlde Urn Umatph n 
-Thj at rlk I g loclly 


ontes capable of producing the lunar cratcre the explosion focuses arc not 
far below the surface the musses thus come to rest in a Bmoll fraction of 
a second anti htnu. the energy is rapidly released —all of which ore factors 
necessary to the formation of an explosion crater rather than of a comou- 
fiei 

The form of the Odessa No 1 cratci (1 lg 8) is typical of one produced 
by a shallow explosion (1 ig 11) Ibis is confirmed by the undisturbed 
character of the subjacent Triassic Bhalc some 200 feet down 

It is not readily apparent that the curvature of the moon s surface has 
a very definite elTcct on the shape of the craters f igurc 17 Bhows the form 
of live typical craters of Class 1 drawn from the data of I igurcs 12 and 14 
Tor each crater the horizontal and vertical scales are identical but m each 
case the scale has been changed in inverse proportion to the actual dram 
ctcr bo that all craters have the same linear width m the illustration 
If a chord equal in length Lo the crater diameter Ik drawn through the 
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crust of the moon the depth 6f the chord center below the sphencal Bur 
face ifl alwayB less th^-n 1 Trule for diameters up to 90 miles, and the effect 
of such an amount of curvature Is negligible on the appearance of the 
crater For larger craters this chord depth increases more rapidly than Lho 
real depth of the crater below the surface and the two become equal 
at a diameter of 180 miles (Fig 18) The effect of the moon b curvature on 
larger craters then, is to cause their floors to be more and more nearly flat, 

DEPTH OF EXPL090N 



Fro 16. — Chugcs In arnier dimension* a* function* of depth of tip lotion (Uni* Iron) 

Fig 15.) 
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and for craters larger than 180 miles In diameter (chap 11) the floor would 
actually be convex rather than concave if the diameter depth curve from 
Figure 12 is followed For a crater 300 miles across even the nm would 
seem to disappear and it would appear only as a nearly flat spot on the 
sphere This Is shown by the bottom drawing of Figure 17 

In this analysis it has been assumed that no central peak was present 


outs tea in iub 
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Fio 18 — F fleet of curvature of moon'i aurficc upon crater form 


If one were present the convex condition would be reached at a smaller 
diameter than 180 miles 

The geometry of the situation seems to indicate an upper limit of pon 
aibly 180 miles for the diameter of normal craters Tor explosions more 
violent than those which could cause a normal crater the resultant pit 
would assume the appearance more of a flattened spot on the lunar surface 
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than of a true crater The largest of the observed craters of normal type is 
ClaviuB with a diameter of 146 miles Several o there arc not much inferior 
Badly at 160 miles may perhaps be included in this group Numerous 
larger objects all associated with tho maria, arc known and do suggest 
that initially they were of the deduced fomi 

A correlation may be attempted between the diameter and depth of 
certain volcanic craters In a manner smular to that done for the lunar 
craters It is immediately found that the normal pit of explosive vulcaiusm 
does not yield a smooth correlation of the proper type Tor example, 
Vesuvius (23) after the great eruption of 1906 was 2 000 feet deep but 
only 2 200 feet across By contrast the pit of Bandai San (23) in Japan 
was 8 000 feet wide and 1 200 feet deep The modern active stratovol 
canoes go up to about 20,000 feet in height but with relatively small 
summit craters the walls of which, inside and out are close to the angle of 
repose Lxtinct Aconcagua in the Andes ib still over 23 000 feet high, but 
its crater has been eroded away ihcrc is no similarity between Buch os 
these and the craters of the moon 

The terrestrial volcanic form nearest the lunar craters in appearance ib 
the caldera of collapse Many samples arc known and relative dimensions 
have been collected in Table 10 The figures give clear evidence of a gen 
crally elliptical shape and the juts arc on the average only about one-fifth 
ns deep relatively as the lunar craters It is the general but not universal 
rule that the caldera floors are raised rather than Bunkcn with rcsi>ect to 
the surrounding ground level 

1 igurc 19 shows that, while there may lie a slight tendency for the Larger 
collapse caldera to be deeper than the smaller the trend is not pronounced 
and the scatter is excessively large These pits have not been greatly 
eroded and filled m os the local deposits of pumice and other pyroclastic 
materials make clear 

In Bpilc of these definite points of difference the collapse caldera olTcr 
the closest approximation in apjicamncc of any of the earthly volcanic 
forms to the lunar craters the terrestrial mclcontic craters and the known 
explosion pits I he little known cryptovolcamc structures may be cxcq>- 
tions to this rule Nevertheless the divergences arc bo great as to make it 
certain that the lunar craters are not collapse calderas although ccrtam 
structures on the moon give evidence of sinking motions after their forma 
tion Therefore it is apparent that further to pursue the will o the wisp 
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of a dominant-process lu nar vulcanism of the type of any known terrestrial 
vnlcankm Is futile the extensive and numerous geologic studies have not 
yielded a similar development past or present 

To claim that the moon s craters arc volcanic 1 b tantamount to postulat 
mg an entirely new entirely hypothetical mode of origin and to fly In the 
face of the fact that a known process is completely able to explain the vast 
majority of observed lunar features. 

TABLE 10 


Mensuration op Terrestrial Collapse caldera (23) 


N m* 

Hijor 

DUumtUt 

(Kiln} 

Mlior 

DIuMte 

OW») 

D«pUi 

(F«0 

Id* DI 

■JTULOJ 

(F«0 

taf D**h 
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I* Caldera, Cuuiy Iilandi , 

n 



4 30 

3 60 

Crater lake. Ore. 



3 000 

4 40 

3 48 

ValLofl N.M 

1 ■ 


1 000 

4 95 

3 00 

AnJakchak Alaika 

mm 


2 500 

4 48 

3 40 

Krakatau off Java 

mam 


1 200 

4 32 

3 08 

Alia, Japan 

mam 


1 500 

4 88 

3 18 

JUkaJ Jinan 

To wada Japan 

Lago di Boteecn, Italy 

Blue lake ML Gunner South 

14 

7 

11 


1 200 

2 000 

1 500 

4 81 

4 56 

4 70 

3 08 

3 30 

3 18 

AuatnJta 


? 

500 

3 20 

2 70 

Knobel See Iceland 

4 5 


1 300 

4 36 

3 11 

Rudlotf Crater Iceland 

i 5 


740 

3 90 

2 87 

Mr&uawecweojHamH 

.■IB 

2 

flaswjTin 

4 18 

2 78 

Nemrut GfllQ. Turkey 

Newberry Caldera Ore 

Idjen Caldera, Java 




4 08 

3 30 

5 

4 

1 500 

4 40 

3 18 

12 

10 

1 500 

4 78 

3 18 

Katmni Alariui 

n 



4 18 

3 48 

Kllauea, Hawaii 



450 

4 18 | 

2 65 

Halemaomau Hawaii (1940} 

HxS 



3 51 

2 90 

Aao Japan 

IbuHuki Jinan 

Kuttyaro Japan 

16 

16 

16 

JO 

7 

12 

? 

? 

? 



Akan Japan 

15 

a 

? 



Inawmairo, Japan 

Volcano Bay Japan 

Batoer A, Bolt 

20 

28 

S 5 

9 

6 

? 

? 

? 



Batoer B Dali 

4 5 

? 

? 




The central peak of the lunar crater is a well nigh universal feature In 
general it is placed at the exact center of the floor but many examples of 
slightly eccentric locations are to be found, particularly among the larger 
craters A decided misapprehension is prevalent concerning the nature of 
these peaks The term ‘central peak of a aster ’ automatically brings to 
mind a volcanic cone within a larger volcanic crater In spite of this associ 
ation the great majority of such double crater formB here on earth are 
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nonconcentric the secondary peak usually arising Bomewhere near one 
edge of the mom crater in contradistinction to the usual lunar form 
Wizard Island In Crater Lake Oregon, furnishes a nice example of the ter 
res trial form 

In all volcanic cones whether they be cinder, pyroclastic, or stratovol 
came ejected material has assumed approximately the angle of repose 
The result is that smoothly symmetrical cones develop The majority of 
volcanoes fall into there three classes and the form is characteristic 
Wherever in the world they appear they assume similar outlines 

LOG OF DEPTH (FEET) 

08 30 U 40 44 



Fie 19 — RclaLloruihl] between diameter and dqtlh for LcrralrlaJ atUIcnu of collnpeo 
Line flivea same rclaliomthii) for lunar Cl Mm t c nil cm. Agreement b poor 

By contrast the central peaks of the moon b craters rarely i( ever re- 
semble a volcanic cone Instead they arc almost invariably craggy and lr 
regular blocklike giving the impresaion of having been placed in a hope- 
lessly jumbled and chaotic mass by some gigantic force operating conccn 
tncolly with the crater walls 1 he irregular nature of these central peaks is 
clearly Bhown in the larger craters where a majority have not one but rev 
cral distinct crests each of which is an irregular structure not at all like a 
built up cone In many coses Theophilus for example, the mountain base 
completely fills the floor of the crater, and even in the smaller objects the 
angle of repose is rarely reached 
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On the average the larger the crater the larger the central peak or 
group of peaks but wide graduations exist In a small minority of the cases 
no central elevation can be found In others tt is very tiny while in many it 
is prominent The crater Moretus has the highest peak known, with a 
measured altitude of 7 500 feet above the floor 

It is a powerful argument against the volcanic nature of these forma 
tions that, of the numerous craters which show central peaks no single in 
stance is known of a mountain top which even reaches to the level of the 
surrounding external plain In all certainty tho central uplift is a sub- 
surface structure which originated in the single explosion which formed the 
crater Its presence may probably be attributed to two factors The Impact 
of a high velocity meteorite is accompanied by the transference of a great 
deal of momentum to the compressible surface layers This results in a re- 
bound which may become fixed as a structural dome Second the explo- 
sion is initiated underground and rarely is the loose detritus cleaned out 
of tbe pit Some of this breccia may remain raised in the crater bottom 
Contrary to an often expressed opinion a central peak of this type is 
commonly found in bomb craters especially those from bombs whose fuzes 
are set for delay rather than for superquick 
Absence of the central elev&bon seems to be a normal characteristic of 
a small percentage of all craters but thiB is not a feature which divides two 
different types of craters The pits without peaks represent the limiting 
caseB of a broad distribution of crater forms The other crater dct&ilB arc 
not closely correlated with the central peak dimensions 

The smaller a crater is the harder it is to detect in it a central peak 
This is also true for craters near the limb In Table 4 the presence com 
plexity or absence of a central elevation is noted A brief tabulation of the 
results (as shown In Tables 11 and 12) is rather informative 
These data arc presented graphically in Figures 20 and 21 In the former 
they are shown as actual numbers of craters with and without central 
peaks as a function of diameter group Shaded areas increasing toward the 
smaller crater sizes, mark the objects for which this knowledge is not avail 
able In both figures charts are given for each of the four classes of craters 
In Tigure 21 the numerical data of Table 12 given m percentages of era 
ters with and without central peaks, arc shown Again the shaded areas 
represent the cases in which it is uncertain as to whether or not the cralcr 
has a central elevation 



TABLE 11 

Stattsttch on Central Peaks 
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There is no statistically valid trend to be found in the percentage of 
craters with central peakB for any crater class However the percentage of 
craters which do possess this feature decreases steadily from Class 1 
through Class 4 It was shown previously that the average crater depth de- 
creased from class to class in the Bfune order and there is probably a ge- 
neric connection between these two seta of facts The average percentages 
observed are 86, 63 50, and 48 respectively 
The Idea of the volcanic nature of the central peakB of the lunar craters 
dies hard Pickering (74) has reported the identification of craterpits in the 
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Fro 20 — ■Rfllflilomblp between numbers of emten with and without central peala at a 
function of enter diameter Data given for each Hun of outer 
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central peaks of twelve craters They range from 4 to over 2 miles m diam 
eter and hence arc among the tiniest observable craters 

Campbell (75), m speaking of these discoveries Bays ' Must we not 
agree that the unquestioned existence of cratcrlcts in the summits of cen 
tral crater peaks is absolutely fatal to the impact theory of the origin of 
those peaks and at the same time In full and complete harmony with the 
hypothesis of the volcanic upbudding of those peaks? 


mUETER MOP 
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Fro 21 — Rcl&Uomhl^) I >e tween pcrconUflca at cm ten with ami without central [loaki u 
a function of cm Lor diameter Data given for each da in of crater 

This is the quick and obvious conclusion and yet a little thought will 
indicate that it is not ncccBsanly the correct one In the case of Inno 
chans the central i>eak crater is one tenth as brood as the main pit It ac 
tually has almost completely eliminated the peak How can a distinction 
be made between the listed cases in which the crater is smaller than the 
central peak and the succeeding ty]ics represented by Zagut and Cassini 
in which a crater lies where a central peak ought to be? What is the volcan 
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ic force which built the majority of peaks which do not show Bummit era 
terlcts? 

The area of the 59 per cent of the moon s surface which la visible to ub ib 
nearly three tunes that of the United States or 8 600 000 square miles It 
has been estimated by numerous observers that the total number of lunar 
craters which can be Been in large telescopes is between 200 000 and 1,000 
000 almost all of which are extremely tiny If the lower limit is selected, 
we find about one crater for every 40 square miles In Table 4 are 177 
craters which are large enough to show central mountains. As these data 
are not complete it may be that among the larger craters on the moon the 


TABLE 13 

Crater a with Small Central Peak Craterimts 


N M 

DLanutvr 

C«Lrtl Puk 

Tiinochirfa 

Citlorpll (*o*0 
11 500 

Plmlui 

9 500 

HeraduJ 

9 500 

L^Jidabcrg 

6 000 

Capelin 

5 000 

BUte 

4 000 

Albategniufl 

3 500 

Alpctraglus 

3 500 

PltfllUfl 

3 500 

Piccolominl 

3 000 

Araadud 

3 000 

KanL 

2 500 


total is 200 Some of these mountain masses arc at least 10 miles across 2 
miles in diameter may be a representative figure for the size of the aver 
age summit — an area of 3 square miles On this assumption there is a total 
area of 200 X 3 = 600 square miles of central peak summits This leads 
to the conclusion that with the small craters distributed essentially at 
random as they seem to be there should be 15 craters which have central 
peaks with summit craters purely as a result of the chance distribution of 
the small cratcra 

So far 12 such craters arc known The agreement is excellent The case 
for the metcontic nature of the lunar craters is even more solidly founded 
and the volcanic hypothesis ib correspondingly weakened 

While there is no known lunar mountain which closely resembles a vol 
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came cone, there arc numerous domes which appear like small terrestrial 
shield volcanoes One lying between Mercator and Kies, ia 2,000 feet high 
and 9 miles broad The mean angle of the outer slope ib 4° 8 It is even flat 
ter, therefore than Mauna Loa, whose slope averages 5° 1 There is a sum 
mit crater alxiuL 4 000 feet in diameter Similar objects are found scattered 
over the surface One which has a crater 9 000 feet m diameter lies on a 
long ridge 130 miles cast of Lalande another is south of Mairan still an 
other is south of Herodotus Eight are found between Copernicus and 
Kqilor while a group is suspected northwest of Mbjiub Two lie near 
Arago 

In most of these formations there are small central craters or crater like 
formations Pickering (74) has identified them as true volcanoes If this ib 
correct they probably were of the effusive type rather than explosive as 
they do resemble terrestrial volcanoes of that nature Marshall (29) has 
proclaimed them to be the surface expressions of buried laccoliths calling 
them craters which did not complete the hypothetical developmental se- 
quence first advanced by Tomkins (28) 

It ib possible that neither explanation is correct It is strange but none 
of these mounds is found in the bright uplands all of them are located on 
the lava flows 1 heir nature is less dearly understood than are the other 
surface details 

J he majority of the lunar craters can be divided into four classes on the 
basis of rclativi apparent age In each dass but primarily in Class 1 the 
freshest appearing craters numerous correlations can be set up with re- 
aped to the pit dimensions and appearance The craters of the moon fulfil 
every logical extrapolation of the known explosion pits and the terrestrial 
meteonlic < raters and cannot be correlated successfully with any known 
form of vulcamsm 

iht cclsl for the explosive origin of the moon b craters ia unassailable, 
I he probability is very great that the explosions were caused by the im 
poet and sudden halting of large meteorites 
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Evaluation 

E THE preceding chapters is a mass of data concerning lunar craters 
a individuals and as members of well-defined sequences The correla- 
tions and relation ships derived appear to be conclusive in identifying the 
craters with explosion pits The pits were dug with singlo applications of 
energy These energies were not derived from any form of vulcanlsm com 
parable to those found on earth The magnitude of the energies involved 
far tmnscends that of any explosion recorded in terrestrial volcanic proc 
esses or of any man made explosion There Is only one process known to bo 
capable of releasing the necessary energies close beneath the lunar surface 
This mechanism Is the impact and sudden halting of large meteorites A1 
most every observed condition of the lunar crust may be completely cx 
plained by the meteontic theory or associated subsequent processes The 
exceptions are the very few formations obviously due to a mild igneous 
action This seems os close to a certainty as any such theory can be when 
it is derived from a distance 

In reaching this conclusion nothing has been said regarding the sixes 
of the metcontes which produced, the craters on the moon Wylie (40) 
lias calculated that the moss which blasted out the great crater in Amona 
was between 30 and 64 feet in diameter If the mctcontc were spherical 
and 50 feet in diameter the volumfc of material dug out of the ground and 
deposited in the run was sixty thousand times larger than the volume of 
the meteorite The accuracy with which thiB ratio is known is not high 
but the correct order is indicated 

To a fair approximation the volume displaced by a mctcontc striking 
the moon will he in the same ratio to the meteontic diameter Table 7 
gives the volumes of the subsurface portions of typical lunar craters 
Column 3 of Table 14 hats the diameters of nickel iron meteorites which 
could produce cratera of the suggested sizes on this constant volume ratio 
assumption In column 4 are listed the calculated meteontic diameters as 
denved by the energy extrapolation method of Appendix D 
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The diameters are probably correct, for average cases within a factor 
of less than 3 A rapidly moving meteorite will make a larger cratci tlian 
on equal mass moving more slowly and a shallow explosion, such as 
would come from a meteorite striking at a large angle from the vertical 
will give a smaller crater than a deeper blast unless the depth of the latter 
explosion is excessive 

The resulting dimensions for the meteorites which have formed the 
lunar craters are rather surprisingly small Even the largest crater of the 
normal group Clavius, Is probably the Bon of a parent about 1 or 2 miles 
in diameter 

The calculated mctcontic diameters bring forcibly to mind such names 
as Apollo Hermes Amor Adonis and Albert names of tiny asteroids 


TABLE 14 

Sura or Crater producing Meteorites 


(1) 

( rater D limiter 
(Mil*) 

<2) 

CrttarV bm 
{Cubic Ullo) 

(J) 

llvtoriLa 

1H rv«Ur 
(Kwt) 

(4) 

If writ 

HI m lir 
(Fort) 

0 1 

7X 10“* 

7 

4 

1 

3X10-1 

51 

39 

20 

W 

750 

900 

40 

615 

1 400 

2 LOO 

60 

1 850 

2 100 

1 200 

80 

4 050 

2 700 

1 800 


which in recent years have iwud fleeting visits to our neighborhood tiny 
asteroids each of which could, in some future year, entirely devastate an 
American state or a Luropcnn country tiny asteroids which might wipe 
out local sjiccicb of flora and fauna Sudden disappearances of long 
established groups of contcmixirary life have been recorded in past geo- 
logic history Is it not imssiblc tliat the causes of these occurrences were 
mctcoritic impacts? 

If the craters of the moon were formed by the infalls of mctcontic 
bodies they should be distributed essentially at random over the lunar 
surface In the bright uplands this condition ib fulfilled if the rare chain 
craters arc omitted Ihe frequency of craters, large and small is high 
and the pits arc found almost uniformly scattered Similarly the distnbu 
tion of craters on the dark maria is random hut the crater density Ib 
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many times lower than in the brighter sections At first glance this might 
seem to militate against the impact theory but, while the discrepancy in 
visible craters is real, the explanation is simple 
The great lava sheets with few exceptions, spread outward from Mare 
Imbnum In so flowing they covered a vast area of the lunar crust whose 
nature was very similar to the rough south polar zone Thousands of 
ancient craters were swallowed up in the deluge and are marked now only 
by the highest portions of their runs extending above the frozen surface 
As might be expected the farther the lava flowed the thinner became 
the sheet In Ocean us Procellarum there are few drowned crater runs 
visible except near the edges of the flow In northern Mare Nubium tho 
same Is true but south of a line from Gnmaldi to the Suiub Mcdu the 
shallower lava allows great numbers of craterB to project It is probable 
that beneath the dark matter of the mana lie cratera in profusion equal to 
that of the Bouthem uplands The two modes of crater distribution upland 
and sea thus mark a temporal rather than an areal distribution The 
mana were formed after more than 90 per cent of the craters appeared 
The remaining few per cent scattered in random fashion over the entire 
surface 

This conclusion is subject to two additional checks In Table 4 329 
craterB were arbitrarily divided into four classes IhoBc craters placed in 
Class 1 were adjudged to be the sharpest nnd cleanest in appearance and 
hence presumably were the last to be formed Classes 2 and 3 were re- 
served for craters which appeared progressively older and more dilapi 
dated Class 4 contained the lava filled craters 
The four lunar quadrants 1 2 3 and 4 are rcsjrectivcly the NW 
NE SE and SW quarters Quadrants 1 2 and 3 have large lava flows 
4 has relatively little lava. In the following order 4 3 1 and 2 the quad 
rants show increasing arcaa affected by lava 
It is probable that the cratera liBted in each class in lablc 4 are repre- 
sentative samples although the Class 1 craters have been given too much 
weight unjustifiably on a statistical basis 
If as seems likely the Class 1 craters are the newest they should op 
pear about as frequently on the mana as elsewhere and hcncc Bhould lie 
equally abundant in all four quadrants The Class 4 craters Bhould be 
found mainly in the first three quadrants although a line of them in the 
fourth quadrant is near the central mcndian Craters of Classes 2 and 3 
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Distribution of Prkuaik Lunai Cm a ntt winar Have Brkn Partiai i y Drowned by nut 
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arc older and hence should be concentrated in the third and particularly 
in the fourth, quadrants Tabic 15 lists the actual distribution of the 329 
craters As may be scenj the expected distribution 1b closely approximated 

It has previously been noticed that the craters which show rays are 
usually new appearing and hence the majority ib m Class 1 In Table 16 
are the names of the principal ray craters These ray systems arc dis- 
tributed in the four quadrants as summarized in Table 17 Within the 
statistical limitations imposed by the small sample the distribution of ray 
craters is essentially the same as that of the Class 1 craters and is random 
over the entire lunar disk 

From these summations It is evident that the grouping of the craters 
Into the four classes Is primarily an age classification The random 


TABLE IS 

Distribution of Craters by Quadrants 


Clam 

Quukar 

1 

i 

l 

4 

1 

44 

55 

53 

41 

2 

4 

4 

n 

24 

3 , 

0 


12 

15 

4 

16 

14 

21 

15 


scattering of the postmarc craters is clearly indicated, and all observe 
turns of the premarc craters suggest that they too were formed in equal 
abundance in the four quadrants 

On earth the volcanic areas are confined to long, narrow zones Active 
regions arc often found along great fissures such os the Hawaiian Islands 
volcanoes and the Javanese and Sumatran string of volcanoes Conditions 
are quite different on the moon and yet even there attempts have been 
made to associate craters which happen to be nearly lined up Daly (25) 
Hqs pointed out what he believes to be a fissure chain consisting of Pontc- 
coulfmt, Trauenhofer Tumcrlus Pctavius, Vendelinus, Langrcnus, Webb, 
Apollonius Mare Cnsium, Clcomedes, Bemouilh, Mcssala and Schu 
machcr Similarly, other groupB have been connected One such 1 b 
C atherine, Cynllus, and Tlieophilus another is Albategmus and Hip- 
parchus A prominent line contains Walter, Regiomontanus Purbach, 
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Arzaclicl AJphonaus, and Ptolcmacua Near the east limb Grimaldi, 
Hevel and CavalenuB arc Bometimca associated 
Three striking facta are immediately apparent Each "chain is com 
posed of craters of widely different ages Each "chain is parallel to a 
meridian and hence parallel to the near by terminator Craters appear 
prominently only when near the terminator 

TABLE 16 


Principal Ray Cratkrs 
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rut 

1 

Agrlm* 

Alfragimn 

4 

Fumcrlui A 

4 

Master A 

4 

2 

Gtmbert A 

3 

Mailing A 

2 

1 

Anuagum 

S of ApolkmluB 

1 

1 

Gemlnufl 

Godin 

3 

1 

Masting C 

SW of Nowcoml) 

2 

ArJatarchui 

4 

Hind C 

2 

oibert 

1 

AristilluB 

4 

E of J imm 

1 

ProduB 

1 

AutolyniB 

2 

Kmitr 

Uknila 

2 

Pythou 

3 

N of Ballly 

3 

4 

Slcvfma A 

2 

Bode 

3 

LAodabcrg A 

1 

Stnbo 

3 

ByTgiiiB 

4 

Langrvniffl 

1 

liquet 

3 

CamjHLnus 

1 

Iitlrow 

1 

Tuunllui 

4 

CenflorlnuB 

3 

I uMoktky I) 

4 

Thccphlha 

1 

Clooracdcs A 

3 

Lublnloky C 

2 

ThnaooA 

2 

Copernicus 

Cruger 

4 

Midler 

2 

TTmocharis 

3 

1 

ManlUut 

1 

NW ol Trlonocker 

l 

3 

Dlanyilus 

hudklci 

2 

2 

MtrcoPolo 

W of T Mnyw 

3 

4 

Tycho 

Vega 

1 

EuckmiB A 

1 

Mcndua 

4 

Vend din m B 

2 

Euler 

3 

MeoenLm 

3 

ZuchUu 

4 

tmyc 

3 

Mencniui C 
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Distribution of Ray Cratkrh uy quadrants 

QtudnnL N f Ray Lmtun 

1 IB 

2 11 

3 IS 

4 11 

As a result the shadows force sjiunous groupings in the north south 
direction Close examination of photographs reveal other alignments 
which art equally exact Among these may be mentioned Hlancanus 
ClaviUH Magmus Sausaurc Walter andWcmcr Another possibility con 
tains Almanon Gcber Abcnc/ra and the ancient pit it overlaps Playfair 
and Werner A third set is Magmus, Tycho Unnamed Cichus, Mercator, 
and CamponuB 
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Doubtless many other such fortuitous groupings could be found On a 
random distribution of craters they arc to be expected Analogous and 
equally Bpurious alignments can be seen m the pattern of pellets fired from 
a shotgun against a target 

The full moon seen through a small telescope or a pair of good binocu 
lars looks like a peeled orange Radiating In all directions from Tycho are 
great white streaks, many of which reach to the Hmb Generally the rays 
he on great circles intersecting in the central crator or its rim Never do 
they have an artificial look They ore patchy and hazy often poorly 
defined Their brightness depends on the background for in the bright 
uplands of the south the Tychomc rays are brilliant but on the maria they 
are much less conspicuous With increasing distance from Tycho the rays 
Irregularly fade out and disappear 

Around Copernicus are rays of slightly different appearance They are 
more numerous and more irregular than those from Tycho but again 
the association with the main crater is clear ThiB is also evidenced in the 
near by system of Kepler 

These light-colored streaks are definitely surface features they are 
permanent and reappear without change from lunation to lunation 

Some of the largest Class 1 craters show rays — Langrcnus I hcophiluB 
Copernicus and Tycho for examples — but the great majority of the 
ByBtems arc very tiny Surrounding boitic of the small craters arc bright 
patches or halos In many cases careful examination of the wonderfully 
clear Mount Wilson and Lick Observatory photographs shows them to be 
miniature ray systems quite like the larger forms in all but size A com 
mon origin is apparent 

Hundreds of the baby ray formations exist on the moon and m all cases 
the center of the system ib found to be a minute intensely white cratcrlet 
usually less than 1 mile In diameter 1 he fan of rays around the smaller 
pits is usually from 20' to 2' in diameter and the area covered by the rays 
is roughly proportional to the area of the central crater 

Pease with the 100-inch reflector noted that practically every white 
speck showing on Mount Wilson lunar photographs stands out distinctly 
as a cratcrpit with its nm al»ve the surface and the bright rays are seen 
as the illuminated sides of low mounds which always cast shadows in the 
same direction as the neighboring craters do 

In general the streaks become visible about twelve hours after sunrise 
and brighten for one or two days They remain visible slowly becoming 
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more conspicuous until full moon and disappear about twelve hours be- 
fore sunset Their visibility is primarily a function of the angle between 
the lme of Bight from the earth and the direction of the light from the 
sun not of the angle of illumination, as at full moon the rays abound all 
over the disk 

Buell and Stewart (126) have run laboratory experiments to verify this 
point fhey conclude that the lunar rays are streaks of dark normal mate- 
rial mixed with powder Naturally the pulverized fragments have Bettled 
into interstices in the scattered rocks of the moon’s crust 

The changing visibility of the rays is in agreement with this conclusion 
If there is much pulverized material mixed with the less finely divided 
particles the former would Bettle into the lowest depressions. Analysis of 
light reflected from the moon has indicated that it possesses an extremely 
rough surface This Irregularity acts to hide the finer material by occulta- 
tion near the limb and by shadows near the terminator Under a high Bun a 
particle hides its own shadow and hence appears to be brighter The sur 
face is only partially covered by tbis white matter even m the brightest 
portions of the rays Therefore we sec an average of the brightness of the 
ray material and the darkness of the background As the maria are darker 
than the uplands the rays should and do fade on entering the lava flows 

Like the crattTB the rays have had their full share of proposed origins 
They usually arc dismissed with the explanation that they are composed 
of volcanic dust from the eruptions which supposedly formed the mam 
craters Some authors have postulated an atmosphere in which winds 
spread the ash Others more realistically dispensed with an atmosphere 
and dqx-nded on the low Burfacc gravity to permit the ash to spread wide- 
ly even with moderate velocities of eruption The circular velocity at the 
moon « surface is only 1 04 miles per second 

lomkins who first proposed the laccolithic theory of crater origin de 
vised a saline efflorescence theory (76) to account for the rayB In north 
ern India lies the Salt Range which is known to be volcanic From it run 
three streamers where the upward movement of water under a hot sun 
has led to cvqxiration and the deposition of salts One of the streamers 
runs smith to the sea one goes west over the T rontier Province and prob- 
ably across Perms as far as Lake Van and the third follows the watershed 
of the ( ongca and Jumna rivers for over 800 miles Similar markings are 
known in other deserts in Asia and in the Libyan Desert 

Other than the fact that light-colored Btreaks have been formed on 
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earth by this process nothing is known which would associate such mark 
mgs with the lunar rays The salt zones arc not appendages of any crater, 
volcanic or otherwise 

Nasmyth and Carpenter (77) felt that the shattering of the lunar globe 
around focal points (craters) was the origin of the rays We now know that 
such a mechanism is physically impossible as It implies far greater rigidity 
than the crust of the moon can possess The emission of lavas from the 
crocks was supposed to produce the actual rayB A modification of thiB 
idea is that crystalline dust was emitted from surface cracks too small to 
be seen and deposited on both sides of each fissure Tauth (72) even Bug 
gested that the rays were made of ice crystals blown through holes in the 
crater walls 

In previous chapters it was established that the lunar craters are great 
explosion pits In the terrestrial mcteontic explosion craters there Is al 
ways a great deal of rock flour, pulverized sand and rock Barringer (78) 
estimated that fifty million tons of it were thrown out of the Arizona 
crater, one-sixth of the total moss ejected On the airless moon, with its 
low surface gravity much of thia powder would have been available to 
form rayB It is well known that powdered rock is almost always whiter 
than the original solid 

If the rays were formed by matter thrown from the central craters the 
projection on the surface of the trajectories would be great circles Almost 
all the rayB fulfil this requirement The principal exception is the great ray 
from Copernicus passing across Mare Imbnum just cast of Timochoria 
This ray projected southward, would miss the near wall of Copernicus by 
40 miles Nevertheless it is jiosltive that the ray came from Copernicus 
as it is the blend of many smaller patches, every one of which points di 
rectly to the main crater A narrow stream of water from a hose In which 
both the altitude and azimuth of projection are changed rapidly will give 
a comparable senes of splashes on a pavement 

Probably the nearest tcrrcstnal counterpart to a lunar ray patch is 
found when a cake of dried mud drops from a speeding ear and shatters 
into dust on a dark asphalt road In PitAtus markings of this type are 
very clearly shown They have come from Tycho 

Confirming the observations of Pease at the telescope and Budl and 
Stewart m the laboratory that the rays contain dark &s well as light 
matter it is noted that along many of the larger rays from 1 ycho and m 



164 THE FACE OF THE MOON 

particular, Copernicus, there is a definite preference of small craters for 
the regions covered by the rays. Many of these “on the ray” craters are 
elongated and point roughly to the main crater. This is best shown south- 
west of Copernicus. Clearly, much solid matter was ejected along with 
the rock flour at the birth of the central crater, and some of the larger 
masses dug elongated craters on impact. Slowly moving bodies could do 
this, while blows from faster moving masses would give circular pits. 

The fact that finely divided rock can produce long rays is evidence that 
no appreciable resisting medium surrounds the moon. If an atmosphere 
were present at the time of the explosion, the dust would be deposited 
around the crater in nearly uniform fashion unless winds caused a system- 
atic shift in position. 

The great ray systems are all from relatively new craters. Older pits clo 
not show such appendages. Two reasons for this may be advanced. The 
rock flour would be deposited mainly in the lowest places. Thus it would 
be the first to be covered and hidden by any flying debris scattered from 
other later crater births. It is also possible that the older craters were cre- 
ated during a period when the moon still had a residual atmosphere which 
prevented the development of rays or obliterated them. Perhaps both 
explanations are correct. 

In view of the conditions on the moon as we know them, the observed 
characteristics of the lunar rays are entirely consistent with a meleoritic 
origin for the craters. 
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The Lunar 
Atmosphere 

D OCS the moon have on atmosphere? We do not know No single 
observation has yet been made to prove either the presence or the 
complete absence of air on the moon Much information on limiting con 
ditions can be obtained by indirect methods and analyses but far more 
delicate tests must be devised to ascertain correctly the true lunar 
conditions 

The most promming approach is to determine the nature of the earth's 
atmosphere fust and then to reason from these data just what atmos- 
pheric conditions could obtain on the moon 

The atmosphere of the earth is divided into three major layers The 
lowest or troposphere extends upward for perhaps 8 miles It Is a region 
of great changes seasonal and irregular daily and local It con be investi 
gated directly by hundreds of weather stations distributed all over the 
earth by airplane and radiosonde balloon Above it lies the stratosphere 
rising to about 30 miles Above thiB lies the ionosphere Meteorological 
rockets have been sent into the higher atmosphere so that direct measures 
could be made on the nature of those regions measures which were pos- 
sible only by indirect methods previously 

Before 1923 the standard atmosphere postulated a rather rapid fall 
of! in density with mereasing height In that year the pioneering studies 
made by Lindemann and Eolison (79) on metcora stnrLlcd meteorologists 
by proving that the density of the earth s upper air was far higher than 
had been assumed 

In 1911 I J W Whipple (80) and Duckert (81) inde|iendently showed 
that there were anomalous reflections of the sounds of gunfire from layers 
in the air about 15 mile's up These observations led to the coneluBion that 
there was a decided rise in tunjicralure to a maximum at that height. 
The best figure for thiB tem[>erature peak is 365 K Two years previously 

165 
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Taylor (82) bad anticipated their conclusion by predicting from theo- 
retical considerations that such a maximum should exist Pekeris (83) later 
amplified and extended Taylor's calculations Pekcns also showed that the 
temperature must again fall immediately above the high temperature 
zone It had been observed from barometric measures and confirmed by 
the velocities of sound waves observed at great distances from the violent 
explosions of the Siberian meteorite of 1908 and the volcano Krakatau in 
1883 (84) that there are two natural periods of oscillation of the atmos- 
phere (12 h and 10 b 5) which require that there be a low temperature region 
about 50 miles high 

Humphreys (85) has demonstrated that ice crystals can be formed over 
ice at a temperature of 160° K from this he suggested that the noctilu 
cent clouds which appear In a narrow range of altitude centered near 51 
miles are (86, 87), in fact, Ice crystals, and thus there Is agreement with 
the fall in temperature deduced by PekeriB 

There is additional evidence of a peculiarity near the 51 mile level for 
It is At that point that the greatest frequency of meteor trails or phos- 
phorescent wakes occurs Many times bright meteors penetrate well 
below this level but leave trains only along the small portion of their 
pathB through this region 

The aurora polans ib not only beautiful it is useful Several pertinent 
facts have been derived from its study Auroral light is definitely an upper 
atmospheric phenomenon A low density is required to permit the auroral 
discharge The lower limit of observed aurorae vanes from 53 to 106 
miles (88) There are two well-defined maxim urns of intensity and occur 
rence at 62 and 66 miles while the upper limit changes on different oc 
casions from 62 to over 180 miles 

In contrast to the brilliant and well marked auroral phenomena, there 
ia a different type very diffuse which has been observed up to about 600 
miles Aurorae over 250 miles high BCem to occur only in sunlight 

At one jump the atmosphere has been found to extend upward to a 
height of at least one- seventh the radius of the earth and even this 
extreme figure does not mark the limit Even here the density is high 
enough to allow frequent collisions with electrons or alpha particles from 
the sun 

Most of the spectral features of aurorae arise from O* and N* molecules, 
none Is found from hydrogen either molecular or atomic The tremendous 
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green auroral line, X 5577, is due to atomic oxygen. It is obvious that in 
the regions where the strong and definite auroral arches and streamers are 
found there has not been a great deal of separation of molecules and atoms 
according to mass. While it is possible that the upper reaches of the air 
contain only hydrogen and helium, that condition does not obtain up to at 
least 200 miles and to perhaps 600 miles, although the percentage of the 
light gases may be considerably higher than at the surface. 

Vegarcl (89) analyzed the distribution of energy he observed in the 
nitrogen bands of the auroral spectrum and derived a temperature of 
218° IC, at a height of about 69 miles. This implies a moderate increase of 
temperature above the 51-mile minimum. Rosseland and Steensholt (90) 
have corrected this value to 347° K. and thus have shown that there is a 
marked rise in temperature in the main auroral zone. 

F. L. Whipple (91) has derived a curve relating height to atmospheric 
density from photographic observations of the rate of deceleration of 
meteors. Two cameras are used, one located at Cambridge and the other 
at the Oak Ridge station of Harvard Observatory, 23.5 miles distant. 
When a meteor is photographed simultaneously by the two cameras, the 
spatial position of any point on the trajectory can be determined with 
great precision by trigonometric methods. A rotating shutter operated by 
a synchronous motor interrupts the exposure at intervals of 0*05, causing 
the trail to appear as a broken line. These reference points allow a dctei- 
mination, first, of the angular velocity; then, tire linear velocity; and, 
hence, the deceleration, which is usually small, of the order of 1 mile per 
second per second. In conjunction with the mass of the meteorite derived 
from its magnitude, the density of the air may be computed. Table 18 
lists the adopted temperature data and Whipple’s derived density distri- 
bution. The seasonal effect is to raise the upper atmosphere in summer 
and to lower it in winter, a total range of roughly 3 miles. Whipple indi- 
cates that he is not thoroughly satisfied with the temperature data. lire 
pressures and temperatures in the lower reaches have been checked by 
instruments carried in V-2 rockets fired in New Mexico (120). 

Tire numbers of small meteorites which strike the earth’s atmosphere 
are far greater than the relatively few large masses. I his is a fortunate 
distribution as the air is only a partial protection. On the average, metcoi- 
itic masses greater than ten pounds and less than perhaps a few. tons will 
slow up to a free fall before they are entirely vaporized and will then drop 
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dark stones Of the myriads of smaller masses nothing but dust reaches 
the ground Larger bodies will strike the ground Btill glowing or will cx 
plode to form craters The latter are very frequent on a geologic time scale 
extremely rare on a human time scale To ell intents and purposes then 
the air acts as a rather effective shield against interplanetary artillery 
Studies by Whipple (91) and Opik (92) show clearly that the sporadic 
meteors appear at a height of about 60 miles regardless of their apparent 
magnitude. Opik has suggested that shower meteors begin highei near 
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70 miles Whipple s photographic survey yields similar heights However 
the end points of the trails of sporadic meteorites are strongly i dated to 
the brightness of the meteoni the brighter objects jicnetrate deeper into 
the atmosphere At +4 mag (corrected to 100 km high in the /Lmlh) 
the average end height is about 50 miles At — 4 mag the corrca|K>nding 
figure is about 38 miles Shower meteors seem to disappear at a height 
near 56 miles Superimposed on these average distributions of height is 
another factor The lower velocity meteors appear and disappear at lower 
heights than do the high velocity objects At 45 miles per second thL mean 
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height (average of the two end points) is about 59 miles If the velocity is 
8 miles per second the mean height is only 34 miles 
These heights may be converted into air density units or since they are 
easier to handle logarithmic densities 
Early astronomers soon realized that, even if the mass of the lunar air 
were proportional to that of the earth the surface density would be much 
less Observations of occultations of different stars show that the horizon 
tal refraction of starlight at the moon s limb does not exceed 2" of arc and 
Is probably much smaller If the surface density of the lunar air were equal 
to that of the earth, the horizontal refraction would be 2 000", which must 
be doubled for the case of an occupation as the starlight must penetrate 
the entire thickness of air twice Tram these data the maximum allowable 
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density of air at the moon b surface is only 1/2 000 that of sea level density 
on earth 

Russell, Dugan and Stewnrt (93) estimate that the density probably 
is not greater than 1/100 000 that of the earth s air If the lunar mantle 
were as dense as 1/10 000 the twilight zone illuminated by the full sun 
would be more conspicuous than the dark part of the moon lighted by the 
full earth 

The latest and most important effort to detect a lunar atmosphere was 
made by 1 essenkoff (94) He failed but succeeded in proving that the 
upper limit of density is far lower Lhan has been previously suggested 

rcwwnkoH [951 examined with a piece of |M>Iumi(l filler llie family luminous area 
near Iho center of the moon on Lhc dark Hide of the terminator at first and last quar 
tun The surface bnghtnea of this area a considerable and lhc test for polarisation 
by rotating the iwlaroKl presents no great difficulty rcnscnkofT found no change In the 
surface brightness as the polarokl was turned and he concludes — presumably on the 
bash of laliorulory tests — that the ratio of the brightness at radial ami at tangential 
orientations of the asto of the polaroid ran not Ik In excess nfs ■ I 04 
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If the diffuse light which Fossoikoff observed had been produced in Its entirety 
by twilight In the lunar atmosphere the polarisation should have been complete, 
btouBe the phase angle at first and at last quarters is 90° But tho light I s mostly 
caused by Mattering in the earths atmoaphcic— that ia by an ordinary lunar halo, 
and perhaps by a small amount of the carth-11 1 surface of the moon This background 
momma bon should be almost completely unpolanacd If wo designate this back 



Fm 22. — Relationships beLweoi height and JogHriLhirdc air densities for the earth and 
moon Four aaumed demlty rmlha are shown for tho moon 


ground surface brightness as b and the hypothetical i>olarixcd light of the lunar 
twilight as c wc have 

or (10) 

If L Is the amount of solar radiation received by a unit of surface on the moon oriented 
at right angles to the radiation p la the density of the lunar atmosphere and p a tho 
coefficient of scattering then tho surface bnghtnc® of an element of the moon located 
on the dark side of the terminator is 


nLpih 


( 11 ) 
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Integrating this over the entire thickness of the lunar atmosphere and designating 
by in the mass of a vertical column of unit cross-section, we find that 

( 12 ) 

The quantity b was determined by Fessenkoff in the following manner. He measured 
the surface brightness of the sky in the vicinity of the sun and found it to be twice 
that of a standard plane white surface illuminated by the sun. He next computed the 
ratio between the surface brightness of the solar halo and that produced by a source 
whose stellar magnitude is 14.17 mag. fainter than the sun but which has a similar 
distribution of light over its surface. He then computed the difference arising from the 
facts that the lunar observations were made near the terminator and the moon was 
at first or at last quarter. Since the surface brightness of the solar halo in terms of 
tlie brightness of the standard surface depends upon the scattering power of air and 
upon the mass of the terrestrial atmosphere, he obtains an expression for b which 
involves this mass, M. It is assumed that the coefficients of scattering, per unit mass, 
in the atmosphere of the moon, m, and in the atmosphere of the earth, Mi, arc the same. 
The final result is an expression for the ratio of the two masses 

~= 0.196 X lO -4 (»— 1) . (13) 

M 

From Uic observations, n — 1 < 0.04, Hence, 

^ClO-i. (14) 

The numerical maximum limit derived from the above figures is 0.784X 
1 As the surface gravity of the moon is only one-sixth that of the 
earth, the lunar atmosphere will extend higher in inverse proportion. The 
density of the lunar atmosphere relative to that of the earth is directly 
proportional to the ratio of the air masses times the ratio of the suiface 
gravities. Therefore, as an upper limit, 

— =s 1 ,3 X 10" ? . (15) 

Pc 

If the earth's atmosphere were compressed to standard conditions 
throughout, it would make a layer 4.965 miles high. Similarly, the lunar 
atmosphere would make a layer covering the moon to a depth of not more 
than 0,25 inches. In more everyday terms, the earth s atmosphere, com- 
pressed to the density of steel, would be a protecting armor 49 inches 
thick, while the lunar mantle would be less than 1/200 the thickness of 
the fmest commercial gold leaf. 

In spite of having been searched for many times, aurorae have never 
been observed in the lunar atmosphere. Consequently, it is certain that 
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neither oxygen nor nitrogen is present ui the lunar atmosphere to partial 
densities comparable to those which are observed in the earth s atmos- 
phere between 53 miles and some height over 180 miles The total doiulty 
range whose upper limit defines the maximum permissible density of 
oxygen or nitrogen m a lunar air is 2 5X10“* to at least (extrapolated) 
10~ 1T times standard air density This latter figure is based on the failure 
to see Btrong lunar aurorae It may well be that faint aurorae would escape 
notice and hence the denalty of oxygen or nitrogen may be somewhat 
higher than 10 - 17 but not above 1 3X 10“ ? 

As the various types of observations are made more and more accurate 
ly, the maximum possible density of the lunar air becomes lower and 
lower Even so unless the air ib entirely absent there will exist a critical 
height at which the lunar atmosphere will equal the terrestrial air In 
density for whatever value of lunar surface density there may be This is 
brought about by the lower surface gravity of the moon and the resulting 
low-denBity gradient in its air 

We do not know what temperatures to expect in the lunar atmosphere, 
but in all probability the temperature is quite similar to that found in the 
earth s upper air 

On a straight proportionality the lunar atmosphere would be equal to 
the terrestrial atmosphere in density at 81 miles if the ratio of surface 
densities were ItH The corresponding height would be about 93 miles for 
a density ratio of 1 3X10~ r and 107 miles for a density ratio of 10 -1 

Tbese results allow a determination of the appearance and disappear 
ancc heights of lunar meteors It is assumed that the lunar meteors appeal 
and vanish at the same air densities as those observed on earth and re- 
ported in Table 19 

If for comparison purposes the density ratio is assumed to be 10 -1 
seven hundred times denser than observations allow then the bright 
sporadic meLcors —4 mag on earth would appear at 76 miles and would 
strike the moon before burning out The faint sporadic meteors +4 mug 
would appear near the Bame height but would burn out about 26 miles 
high Shower meteors would flare at a height of perhaps 140 miles and 
would disappear at about 58 miles I ast meteors would glow brilliantly 
slower bodies would reach the moon with a not much reduced velocity 
and would still be able to do a great deal of damage Meteors brighter 
than —1 mag would reach the surface of the moon According to Wat 
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son (13) there are about three hundred thousand of this equivalent mass 
or greater striking the atmosphere of the earth each day As the surface 
areas of the earth and moon arc in the ratio of 13 4 1 about twenty two 
thousand small and large masses } gm and more, would strike the crust 
of the moon daily The very large majority of these would have their 
velocities greatly reduced Hence even a denser air than can be allowed 
would not completely protect the moon against the fiery rain there would 
be about one fall per 650 square miles per day 

If the density ratio is assumed to be 1 3 X 10~ 7 the maximum allowable 
the picture 1b far different All the sporadic and ahower meteors studied 
by Whipple and Opik would penetrate the entire lunar atmosphere with 
out becoming luminous The atmosphere density at the moon s surface 
would be equal to that found 78 miles above the earth For all smaller 
density ratios the meteorites would strike the surface of the moon with 
essentially undimimahed velocity 

The problem can be looked at from another direction If the density of 
air is 1 3X10 -7 times that of the standard atmosplierc a cube of nickel 
iron, density eight times water, and 1 cm on a aide would have to travel 
31 300 miles to displace its own mass of air The distance would be over 
400 000 milcB if the density were 10~" atmosphere Tor a cube of uickcl 
iron 1 mm on a aide the corresponding distances would be one- tenth as 
great If the mass were dust Bute, i/100 mm on the side the distances re- 
duce to 31 miles and 400 mileB 

The masses of the three cubes arc respectively 8 gm 8 mg and 
8X 10~® mg A mass of 8 gm on the average yields a meteor of —4 mag 
in the earth s air This body would penetrate the moon 9 air at any al 
lowahlc density I he 8 mg maBB would yield a (terrestrial) meteor of 
+4 mag This body would also reach the moon s surface [xrssibly with a 
slightly reduced velocity Ihc tiny mass would bum out unless the density 
were oh low as 1 0~ 8 

Ihc conclusion then is that about one or two meteorites strike each 
square mile of the moon b surface each day Most of these bodies weigh 
less than 1 gm and they strike with relatively low velocities The maxi 
mum possible lunar atmosphere would Ik an almost inappreciable pro- 
tector A necessary corollary is that the moon s crust must undergo a slow 
but persistent mcteorltic erosion 

lire impact of a high velocity meteorite with the moon s rocky surface 
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releases tremendouB quantities of energy some of which should be visible 
from the earth as a flmh of light La Fas (96) has computed on the basis 
of reports on the 1908 Siberian meteorite explosion that a 176-pound mass 
striking the moon at 30 miles per second would give an impact flare of 
— 1 5 mag A 10-pound mass would give a flmh 0 f +1 7 mag 

It is worth while to recall that these figures are based on the estimated 
brightness of the impact flare —21 mag at a distance of 30 miles and not 
on the brightness of the real explosion unless the latter actually did occur 
just above the ground, as was suggested in chapter 4 The pillaring of 
heated clouds Is well known on earth Both the low air burnt New Mexico 
atomic bomb and the three high-air burst Japanese and Bikini bomlm 
showed identical pillaring White phosphorus bomb and Bhcll bursts do 
the sam e thing It is dearly an atmospheric phenomenon — rapid, violent 
rising of superheated gases which being contained by cooler air, remain 
luminous far an appreciable time A column such as this should not do 
velop on the moon Much of the heat developed would be earned away 
from the explosion region by radiation or by the motion of the particles 
moving at explosive velocities 

A 240-mm shell bunting m the air in daylight makes a brilliant flash of 
light lasting about two-thirds of a second When seen at a distance or 600 
feet at night it is blinding, far brighter than the moon, and not much m 
fenor to the sun Another 240-mm shell with a delay action fuze, bursting 
several feet below ground can be seen only by the dust and smoke il 
generates in the daytime At night there is a dull glow lasting less than a 
second The coruscating glare of the air burst is hidden beneath a t anojiy 
of dust The difference may be as much as 10-15 mag Similar phenomena 
are noticed at two-thousand pound bomb explosions ihc glow from a 
subterranean buret Is of different caliber than that of the flash of the air 
buret and is at least 10 mag fainter The deeper the explosion in the 
ground the fainter is the escaping light 

The fifth atomic bomb, detonated at an unknown but shallow depth 
below the surface of the water of Bikini lagoon did not produce a brilliant 
flash Observers stated that the bomb possibly caused Lhe watery blossom 
to glow a dull rose color Each of the four previous air buret atomic bombs 
was so bright that protective glasses had to be worn to prove.il ncliiul 
arnage to the eye The brilliance was many times that of the sun A do- 
crease of the order of 25 mag is indicated 
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A meteorite necessarily penetrates several of its own diameters into 
rock layers before exploding and thus ejects something of the order of 
sixty thousand tunes its own volume m making the crater Much of this 
material is pulverized and is highly effective m obstructing light Any 
flash would be of extremely short duration 

It is entirely possible that even a ten-pound mass would not produce a 
flash on the moon bright enough to be easily visible from the earth How 
ever, let us assume that a visible flash were created What arc the chances 
for its detection? Wylie Btates that about six thousand meteorites of mass 
ten pounds or more enter our atmosphere each year On a proportional 
basis there will be 448 such collisions with the moon Of these half would 
be on the wrong ado of the moon and thus be lost. This leaves 224 per 
year On the average the moon is above the horizon half the tune during 
daylight hours This leaves 112 The moon is half bright and half -dark 
over a long period of time, leaving 56 meteorites for the flashes would not 
be observed against the bright side It may also be expected that clouds 
will cover the sky half the time for most people This still further cuts 
down the available total Other factors tending to discriminate agauiBt the 
detection of a flash on the moon are that the moon is practically Invisible 
for three days either aide of new moon, juat the phases when the dark Bide 
looks earthward the morning hours arc not popularly used for observing 
the heavens except by professional astronomers and they ore cither study 
ing some other eelcstial body or lmve their telescopes pointing toward 
the bright side of the moon Near the horizon the observing conditions arc 
poor It ib also true that almost no individual spends as much time as one 
minute looking at the moon with the unaided eye A pertinent question is 
involved in whether or not a person seeing a brief flash of ligh t on the moon 
would believe it real, would report it if he did believe it, or would lie be- 
lieved if he rqwrtcd it The psychological factor cannot l>c neglected 

A ten pound meteorite striking at 20 miles per second ib roughly cquiva 
lent to a two-thousancl pound bomb — eleven hundred pounds of TNT 
Lithcr meteorite or bomb would blast a crater approximately 4B feet 
wide and 15 feet deep in sand clay or gravel and proportionately smaller 
in rock 

Ihc chance of observing the flash of an actual imi>oct of a meteorite and 
the moon is rather remote, yet do we know that such an occurrence lias 
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never been seen? Are all the drawings, paintings and descriptions of stars 
within the horns of the crescent moon poetic license? 

From the theoretical point of view the moon should be practically 
devoid of atmosphere At a given temperature all molecules in a gaB will 
possess a Maxwellian distribution of velocities Thus a small fraction of 
the molecules will be moving several times more rapidly than the mean 
velocity The velocities vary as the square root of the absolute tempera 
ture Jeans (97) has shown that the rate of escape of atmospheres from 
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celestial bodies depends on the absolute temperature the veloclLy of 
escape from the body and the mass of the atom or molecule considered 
If the velocity of escape Is four times larger than the mean molecular 
velocity those particular molecules will disappear from the atmosphere 
in about one thousand years If the velocity of escape is live times larger 
than the mean molecular velocity the depletion period is lengthened to 
1 000 000 000 years If the factor is 6 the gas will remain essentially 
forever 

Usually the velocity of escape as pertains to an atmosphere is computed 
from the surface radius Actually the escaping boundary is nebulous but is 
probably about 400 or more miles above the surface Ihc velocity of 
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escape from the earth is 6 96 miles per second at the surface and 6 63 miles 
per second at an altitude of 400 miles The figures arc 1 47 and 1 26 miles 
per second for the moon The di (Terence is not significant when applied to 
the earth s atmosphere It is important in the case of the moon 

The choice of the proper temperature is difficult to make In the upper 
reaches of the earth s air the temperature is relatively high according to 
Rosscland and Martyn and Pulley (115) believe that the increase con 
tmues to very high figures at about 180 miles A guess of 373° K seems 
conservative for the upper level b The atmosphere of the moon is prob- 
ably of comparable temperature 

In Tabic 20 ore shown the mean velocities for numerous atoms and 
molecules os well as the ratios of mean velocity to velocity of escape For 
both earth and moon the data have been, determined for both velocities of 
escape and for 273° K and 373° K for comparison purposes The table 
showB that the earth could hold all gases indefinitely except hydrogen 
unless the effective temperatures near the boundary arc much higher 
than anticipated 

The moon might be able to hold argon and carbon dioxide if the tern 
perature were lielow 273° K and would hold krypton unless the tempera 
turc were much higher than 373 K Xenon could also be held All other 
gases would depart rapidly from the moon If the temperature were 
373 K or higher any of the following gases if ever present would lie 
gone withm one thousand years NH a CO I-fe H, Nc Ni 0 I O and 
H*0 

In the moon s early history its cruBt undoubtedly was very hot IhiB 
would aid the escape of all gases but it might have been partially a>m|>cn 
sated for by the release of gases fiorn the tiody of the moon Meteorites 
whether slopped by air or not leleasc small quantities of gas 

The best that can be sold for the existence of a lunar atmosphere is that 
none exists which is observable by present techniques and that even the 
maximum permissible atmosphere is a very poor shield agamst niclcontic 
Iwmljardment 

Noth — R c p. 106 hydrogen lines recently have been reported m aurora qicctrt. II hat 
been suggested LhaL llils hydrogen came (rom the sun in tin: form uf protons anil was n t 
nn original pari of Ihe earth s almoqihcre (note added ns btx h wu printing) 
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Ancient History 

O NE by one the physical “constants,” long believed to be invariant, 
are shown to be variable. Perhaps the most outstanding of these 
discoveries is that the length of the day, the period of time against which 
all clocks are regulated, is slowly increasing, 

To ascertain a change in the length of the day, observations must be 
made on celestial objects whose motions are independent of the rotation 
of the earth, The most convenient bodies are the sun and the moon, par- 
ticularly the latter. A decrease in the earth’s rate of rotation causes ap~ 
patent secular accelerations of the sun and moon. Observations of the 
time of passage of the sun across the equator, when the precession of the 
equinoxes is known, yield directly its secular acceleration. Fotheringham 
(98, 99) has discussed the numerous observations of ancient Greek, 
Babylonian, Chinese, and Egyptian astronomers in order to determine 
both secular accelerations. His decision was that, judging purely from 
observational evidence, the most probable values are 2l76/(Ccntury)* 
for the moon and 370/(Ccntur y) 2 for the sun. Jeffreys (100) showed that 
the latter value might have to be somewhat reduced, but, even so, the 
values are closely limited. 

The lunar theory demands a secular acceleration of the moon of 1272/ 
(Century)-, the excess, about 9"/(Century)‘ 2 is the observational fulcrum 
on which the lever of analysis in the brilliant hands of Darwin and 
Jeffreys operated to divulge so much information on tire past history of 
the earth and moon. 

this excess seculai acceleration, unaccounted for by theory, implies 
an increase in the length of the day by one second in the last one hundred 
and twenty thousand years. 

Ihe source of this loss is not to be found in bodily tides, for the earth 
behaves as an elastic ball, nor in tidal friction in the open sea. Taylor 
(101), I-Iciskancn (102), and Jeffreys (103) determined the rate of dissipa- 
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tion of energy in the tides in various shallow seas over the earth and found 
that the agreement between the loss observed from the motions of the sun 
and moon and that calculated from the water velocities was indeed excel- 
lent. The friction of water against sea bottom in the partially bounded 
shallow seas of the earth, where the currents are tidally induced, reacting 
against the ocean as a whole, is sufficient to account for the observed 
increase in the length of the day, 

A loss in the angular rate of rotation of the earth is a loss in angular 
momentum, yet angular momentum cannot be destroyed, but only trans- 
ferred, Since the moon is the most important body in producing tides, its 
action on the earth results in a reacting transfer of angular momentum of 
rotation into the moon’s angular momentum of revolution. The moon is 
thus gradually receding from the earth and the length of the month is 
slowly increasing, 

This process may be reversed, mathematically, and the past history of 
the earth-moon system investigated. As the total amount of angular mo- 
mentum in the system is constant, it can be shown that the month and the 
day may once have been equal at about 4,8 hours each. At that time the 
moon’s distance would have been about 9,000 miles, essentially at Roche’s 
limit. 1 

If the present angular momentum of the earth, 7V;, is unity, its original 
angular momentum was 5.000. The present and original values for the 
moon, P M} are 4,964 and 0,964, Tidal friction in the past has practically 
reversed the primal quantities. The value of Pm varies as the square root 
of the moon’s distance from the earth, or 

P M = 4,964 r 1 / 2 . (16) 

These data give the relationships between the distance of the moon, 
the month, and the day but do not define the rapidity with which these 
changes occurred. 

From various dynamical considerations Chandrasekhar (104) has 
calculated an age for the galaxy of about 3X10 9 years. The oldest known 
terrestrial uranium-bearing rocks which have been analyzed for their 
helium content are about 1.8X10® years old, These arc pegmatites and 
are intrusive into still older rocks* The age of the earth is probably not 

1, Actually, the moon could never have been closer than 11 ,000 miles. The corresponding 
month was then 6.5 hours long. 
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far from 2X10* years Recent work by Holmes (118) may even stretch 
this to 3X10* years Such a change does not affect the validity of the 
arguments herein presented 

How the earth was bom ib not known How the moon was bom is not 
known Darwin (9) earned the extrapolation backward to the point at 
which the month and the day were equal and then made the rcmarkablo 
assumption that the moon once formed part of the earth The slowest 
natural free vibration of a homogeneous earth is nearly one-half the 
original length of the day or about two hours Darwin b hypothesis was 
that the solar tides, coming In resonance with the free osallatlonB of 
the earth resulted in monstrous tidal bulges one of which ultimately 
broke off Lo form the moon Jeffreys (100) found that closer agreement 
could be reached between the length of the day and the free vibration of 
the earth if the earth even then were nonhomogeneoua Still later he had 
to abandon the theory (10) as contradicted by the facts for he found that 
the fnction engendered In the still hquid earth would have been too great 
to permit the resonance tidal bulges from ever reaching the necessary 
heights Consequently, it is probable that the earth and moon are twin 
progeny born nearly in contact and at the same time, but always having 
been separate 

In the future the moon will recede until the day and the month are 
again equal at forty-seven of our prcscnL days The moon will then be 
about 340 000 miles away This condition is not imminent for Jeffreys 
calculates that It will arise in the year 50 000 000 000 A D Even then the 
earth moon system will not be stable for solar tides will be acting pro 
vided that the earth still has liquid occanB and these tides will Hlowly 
bring the moon and earth closer together until at some time in the un 
imaginably distant future the moon will come within Roche a limit he 
shattered and will form a smaller but denser nng of fragments than that 
showpiece now circling Saturn 

If the increase in the length of the day had been going on at the present 
rate in all past hiBtory it would have takeri over 8X10® years to change 
the day from 4 8 houre to 24 hours This is an lmiwssibly long time We 
must assume that the rate of change was more rapid in the past than at 
present never less rapid and also that the earth's beginning was about 
2 X 10® years ago 

1 rom theoretical considerations Jeffreys (100) postulated that the loss 
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of angular momentum of the earth Was inversely proportional to the sixth 
power of the moon s distance This assumption allows a calculation of the 
moon a distance and the length of the day as functions of geologic time. 
The resulting equation 1 is 

2 (17) 

where r is the moon’s distance relative to its present distance and T is 
the tune in billions of yearn Bince 2X10* years ago 

Probably the tidal friction In the past varied not as r~* but more nearly 
as r~* for the hist assumption leads to the conclusion that the earth Ib 

TABLE 21 

Distance op the Moon duoino Geologic Time 
(Livens Sixth Power Law) 


ClfUnca 

(HIIh) 

Una 

(Unit- 10* V hi) 

Day 

(Hoon) 

W 000 

08 

11 1 

75 000 

1 

13 5 

LOO 000 

7 

15 6 

130 000 

07 

19 1 

200 000 

631 

22 0 

215 000 

L 006 

22 8 

238 m 

2 000 

24 0 


now losing rotational speed at the rate of one second in two hundred 
thousand years about one-half the observed rate On the inverse cube 
assumption the relationship 9 between distance and geologic time becomes 

2 rV* = T (18) 

1 he formula agrees with the observed loss of one second in one hundred 
and twenty thousand yearn (rig 23) This equation mcanB that the loss 
in angular momentum is directly proportional to the tidal force of the 
moon oil the earth 

Equation (18) probably represents the changes in the moon s distance 
during geologic bine with a fair accuracy The moon, on any reasonable 
assumption, fled rapidly away from the earth in the early days Even In a 
conservative view it reached one-half its present distance in about 10 
|ici cent of geologic lime, and, since the Cambrian period, which began the 
last quarter of geologic time 5X10* yearn ago the moon has receded only 

3 See Appeo A. 


2 Sen Appen A 
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about 18,000 miles the month has increased by only 3 3 days, and the 
day has lengthened by about one hour Almost all the startling changes 
occurred in the firet quarter of geologic tunc or early in the Archeozoic 
Era. 

These wild variations in the moon's distance have caused major changes 
on the earth, but because the earth is so much more massive than its 
satellite, the effects on the moon were correspondingly greater The 
moon b rotational period approached the length of the month seventeen 
thousand times faster than did the earth s period It was thus brought to 

TABLE 22 


Distance or the Moon dusino Geologic Time 
(Invane Third Poms Law) 


DUl&dc* 

(Mil**) 

Tin 

(D*ll« im Y«n) 

D*j 
(11 owi) 

50 000 

8 

11 l 

75 000 

15 

13 5 

100 000 

05 

15 6 

150 000 

193 

19 1 

200 000 

1 070 

22 0 

215 000 


22 8 

238 840 

2 000 

24 0 


present the same face always toward the earth before the rotation of the 
latter had been appreciably affected by tidal friction 

The tidal bulge of the earth averages about 4 feet, very small in com 
pan son to the equatorial bulge The moon would possess three nearly 
equal axes at present If it were completely adjusted to the earth a tidal 
pull and its own centrifugal forces In the case of a perfect adjustment 
the moon would present an cqulpotential surface where the effective 
gravity is everywhere perpendicular This is the typo of surface which 
would be formed by a liquid 

Jeffreys (100) has denved convenient expressions for the scmiaxcs 
* y and 8 of the moon The x-axis points toward the earth the s-axis is 
the polar axiB These expressions arc respectively 


a 



35 M e»\ 

I2«7V 



lOif o»\ 
1 2 m r V 


•0-nS3 »•> 


where a ib the radius of the equivalent Bphcrc M is the mass of the earth, 
mis the mass of the moon and r ib the moon s distance These formulas 
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give increments of — J - 125 feet, 36 feet, and — 89 feet, respectively If 
the moon were completely adjusted to all gravitational potentials acting 
on it the three axes would differ from the mean by these amounts This 
is on the basis of a homogeneous moon If the density varies according to 
Wiechert b Law (116) for the earth, the above increments would be 
multiplied by 0 9 Fortunately, the expressions arc convenient for ubc 
in calculating the tidal bulge existing on the moon at any past distance 
from the earth 

The magnitude of the tidal bulge is a known function of the principal 
moments of inertia of the moon about its center Observations of the 
mean inclination of the moon s equator to the ecliptic (105) and also the 
amplitude of the moon s true hbration in longitude (106) yield moments 
of inertia which can be explained by the assumption that the moon s tidal 
bulge is 2 100 feet above the mean sphere or that the semiaxis aligned 
with the earth is 3,140 feet greater than the average radius m the plane 
of the sky Such an analysis based purely on dynamical considerations 
can be only approximate because the accidental and systematic variations 
of the moon s surface particularly the division into continental areas 
and mans, will make the principal moments of inertia somewhat different 
from the case if the surface were smoother Nevertheless the discrepancy 
between the size of the tidal bulge found by this method and that ealeu 
lated for an eqmpotential surface is so tremendous that it is quite ap]mrcnl 
that the moon has not attained the theoretical equilibrium sha]>c 

Laplace was the first to notice this anomaly but was content to blame 
it on accidental distortions produced in the moon ns it solidified Jcf 
freys (100) realized that it could well be that the exicssive bulge was a 
fossil tide one formed when the moon was Btill plastic enough to odjuHt 
its figure to the eqmpotential surface At some specific distance from the 
earth the moon s layers solidified to the jxjint where compensation could 
no longer occur and from that time on ns the moon receded the primitive 
bulge remained as a fossil tide The strength of the lunar rocks if they at 
all resemble those found on earth is amply high enough to allow the moon 
to maintain a permanent departure from hydrostatic equilibrium 1 his 
does not mean that the moon is solid all the way through I3ccausc of the 
low gravitational pull sufficient strength is available from the outer 
layers The center of the moon may still be weak 

Jeffreys (100) calculates that the moon acquired a tide of the dy 
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nanucaUy dcnvcd height when it was at a distance 0 376 times its present 
distance, or at about 90 000 miles The formulas (18) (19), and those of 
Appendix B (nonhomogeneous form) tell us that this distance was reached 
about sixty five million yeare after the buth of the moon 

Somewhat later JcflreyB (107) considered the possibility that the ob- 
served moments of inertia of the moon could be explained if the form were 
that of a body freely rotating in 3 5 days. This assumption requires that 
the polar axis be much shorter than the other two As we shall sec this is 
not the case 

A photograph of the moon records the apparent positions of the 
moon s surface markings projected against the plane of the sky At dlf 
ferent times the various llbrations show the moon to us from distinctly 
different directions If the moon were exactly Bphencal the apparent 
position of each marking could be calculated for any time Because the 
moon is not spherical but does have a large tidal bulge as well as local it 
regularities the calculated positions will not agree with the observed 
Such a differential will be a function of the height of a point above or 
below the mean sphere 

This method was employed several times to measure the dcpnrture 
of the moon from sphericity and all the invcstigatore liavc agreed that a 
large bulge exists though the exact size was not accurately determined 

1 rom the measures of the tiny but brilliant crater Mttsting A which is 
close to the center of the moon Ilayn (108) found the semiaxis which 
points to the earth to be l 0023 long where the unit is the average radius 
in the plane of the sky Hayn candidly admitted that the accuracy of the 
result is low bmcc 10 -1 of the radius of the moon is 57 1 feet, the bulge 
so derived is alxiut 1 3 000 feet high 

Pickcnng (6) found 1 0013 ± 0 0012 but his measures were made on 
20 points all within half a radius of the mean center of the disk and be- 
cause of the amall leverage which these restricted poults supply the prob- 
able error is large 

i ran/ (5) made the moBt ini|X>rtant effort He measured these nnnutc 
shifts for fifty five small cralere spread widely over the lunar disk and 
derived a value of 1 00114- ± 0(X)039for the* semiaxis 1 he bulge is thus 
6,500 ± 2 200 feet high 

Saundcr (6) measured 1 00052 ± 0 00027 from 38 [Hunts on four nega 
lives lhc ehosen craters arc essentially oil the central meridian Phis 
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answer means a bulge of 3,000 ± 1,550 feet However, if Saunder leaves 
out the values for Anaxagoras and Anaxagoras a, the two points farthest 
north he finds 1 00123 ± 0 00029 — very similar to the results of Trans 
and Pickering 

Saunder made a deliberate attempt to determine the eccentricity of 
the prune meridian only but, except for his selection of points according 
to their longitude, neither Saunder nor Trans has tried to analyze the raw 
data according to the nature of the region near each point Tor example, 
Saunder has Included a few points which he m the bottoms of deep 
craters In neither hat are the points segregated because of their upland 
or maria locations 

Both lists have been published In full, fortunately and consequently 
they may be to analyzed The results are quite amazing and prove to have 
several very Important consequences 

Before the measures of Saunder and Trans can be compared and com 
bined, certain systematic differences must be eliminated The heights of 
the 55 points of Trans were measured with respect to a mean sphere whoso 
radius was 1 00056 times that used by Saunder Hence 56 units must be 
subtracted from Franz a heights to put them on the same scale as that of 
Saunder In addition, the heights measured by both men correspond to 
the elevation of the rims of small craters above or below the mean sphere 
To reduce than to the true surface an average of 35 units or 2 000 feet, 
must be subtracted from all heights. Saunder reduced additional measures 
by Trans on 14 objects which were also In his own list A total of 205 
units must be subtracted from these heights to bring them to the Bamc 
scale as the others When these operations have been performed the 
heights are strictly comparable and we have 93 of them with which to 
deal Of these, 6 have been rejected because they arc so situated that their 
posibonB relative to the undisturbed Burfacc cannot be determined Ihc 
remaining points are nearly equally distributed between maria and con 
tmcntol regions, 45 lying on the seas and 42 In the uplands Tabic 23 
contains the 93 points at which the values in column 3 include all the 
systematic corrections just described The letters L or S tell the land or 
sea location of the pomt p is the fraction of the radius of the projected 
moon at which the measured point lies reckoned from zero at the center 

Tigure 24, A and B, shows the relationships derived by Tranz and 
Saunder respectively, and the measured points from which they came 
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HEiaim or Specific Points rxlativb to the 
Mian Lunar Sphere 


Nam 

Locatto* 

TTuht aid i 

MXAI SMEMZ 

(Durr- \0~*r) 

p 


Fmai 

Grimaldi A 

L 

-132 

0 94 

Damolieau D 

L 

-201 

87 

Grimaldi f 

S 

-238 

88 

Pythagorai A 

L 

-203 

98 

Fourier C 

L 

- 44 

83 

FlanuLoud d 

S 

-390 

71 

Gaaamdl s 

L 

-134 

69 

Sharp A 

S 

-200 

86 

KnekoE 

S 

-235 

65 

Mare Humonim J 

s 

- 10 

74 

Weigel A 

Latwaberg A 

L 

s 

- 71 
-225 

91 

53 

Land* berg d 

s 

-227 

52 

Landflberg 

s 

-131 

44 

Lai>iace A 

Luhlnlaky C 

s 

s 

-273 
+ M 

79 

50 

Gamharl A 

s 

-123 

33 

HehuluB A 

L 

+ 38 

67 

Parry A 

L 

+ 33 

32 

Mare Imbrium I> 

s 

-263 

59 

? 

s 

-193 

37 

Gajnlmrt U 

s 

-212 

20 

IjtUuxk A 

s 

- 74 

20 

Thehlt B 

s 

- 11 

40 

MUatlng c 

s 

-210 

15 

Alphnnaua A 

L 

- 30 

24 

blnui Mwlll U 

s 

- 90 

03 

AJry Uamtkniljir 

L 

- 48 

31 

Hlpparchua Y 

L 1 

+ 36 

14 

llyginua 

ManJHuB D 

S i 

- 26 

17 

s ! 

— 104 

26 

Hoacovkh A 

OmJL 

+ 102 

25 

Unitf c 

S 

-129 

58 

UnnA 

s 

-292 

50 

SdlwrachLa* a 

Dionyalufl A 

s 

- 92 

26 

I 

+ 40 

11 

Mcndaua 

Omit 

-121 

18 

Iktfc) c 

S 

-165 

4-2 

Saerolniacn A 

1 

+ Jfi 

40 

Buch 7 

1 

+ 12 

72 

IlQachlng C 

I 

- 32 

64 

K(«i A 

I 

+ 29 

42 

I'aqucl A 

S 

— 263 

43 

licnpidljc 

I 

- 15 

83 

\jlok M >nlB 11 

s 

- 77 

74 

Nlcnlal A 

1 

+ 4 

74 

1 llnlun A 

s 

-182 

52 

Tttitftm 

s 

+ 16 

5J 

Bally A 

s 

- 7J 

83 

Mon. Tranquil IllaLk A 

s 

+ HI 

64 

Mocmldua a 

I 

-182 

75 

habricuw K 

I 

- 61 

79 

Anunyrouus 

Jlurknonll C 

I 

1 

- 11 J 

-124 

90 

77 

faninliuM A 

s 

- 90 

0 77 
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F AD-Sfumdor 

ThfiWlA 

S 

- 68 

m 

Lalmde D 

s 

- 08 


HTppimhni G 

Trlewiecker TJ 

L 

+ ii 


L 

+ 25 

•v 'WS^ 

THonecker 

S 

+ 17 


Bode li 

L 

- 17 

mmmWi 

Archimedes A 

L 

- 61 


Murchison A 

S 

- 24 

07 

Ptotamaeus A 

Omit 

-148 

15 

Henchel c 

L 

- 32 

10 

M Os ting A 

S 

- 93 

11 

Rhsdkus A 

S 

- 59 


Bode 

L 

+ « 

§2§sjyK| 

Bode A 

L 

- 17 

mm 


Saunter 

Near IJJhn 

T 



LldUuH 

I 



OrtntloB d 

1 



SWfkrK 

1 



0 rooti ui c 

1 



Purhacti b 

I 



Purbach A 

Oimt 


41 

1-acaJlle D 

Omit 

-118 1 

40 

Anacbd A 

Omit 

-400 

42 

Alpcimghjs H 

Indued 

b 

1 

-150 

-124 

28 

H4 

Dduc 11 

1 

- 98 

82 

Hl]ij>iirhus I 

1 

- 8 

1 1 

HI ii] urchin K 

I 

+ 25 

12 

Hl|i])irdiixs 1* 

1 

- 70 

09 

HI]Hiirchui H 

Archimedes c 

s 

— 143 

06 

s 

-143 

5.1 

Archlmeda b 

s 

-118 

54 

Kirch 

s 

- 77 

64 

Near CiMtnl 

s 

-IS6 

67 

Pinal Smylh 

s 

- 79 

67 

Plain H 

s 

- 89 

82 

Anaxagoras a 

1 

- 11 

05 

Anaxagoras 

1 

- 4 

0 96 
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1 ir 24 — H'l 1 1 ulgt of the moon iccortlmg l< >mnx and Saun ler Tho luin fihtrw the 
measured curvatures 1 ul lmve l*tn uhlfleil vertically to u |* Jnl midway between the land 
on I urn |M*tltlons 
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The eUiptiaty correction for Saunder's measures ib more apparent mathc 
maticaUy than to the eye, but the trend Ib clearly shown by Franz a data. 
In both cases the Bcatter ib excessive 

figure 25, A and B, shows the relationships derived from the combina 
tlon of the observations of these two men reduced to the same mean 
sphere, but separated into two groups, the first containing only thoso 
points lying in the bright upland regions and the second showing only tho 
points lying on the mana. In both figures the Bame trend la apparent, 
much like that derived by Franz from his blended measures The scatter 
of the points around the mean curve is reduced by a factor of 2 for tho 



Fia 25 — -Tidal bulge of Lho moon In upland and maria icgloni 
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S points relative to Franz b result and by a factor of 3 for the L points 
In both cases the scatter is also much less than that found by Saunder 
Consequently, it is concluded that this segregation of the measured height 
differentials on the basis of the nature of the background surface is a valid 
and proper operation and that the difference between the two relation 
ships found m this manner represents a real and systematic depression of 
the maria relative to the upland areas The higher scatter of the points 
on the lava flows is due to real variations in surface level 
The best fit to the L points (Fig 25, A ) is given by 

Ao b 0 00130 ± 0 00012 (20) 

Therefore the tidal bulge as measured on the bright arena is 

7 400 ± 700 lect (21) 

The best fit to the S points (Fig 25, B) Is given by 

Ao-0 00117 ±0 00021 (22) 

Therefore the tidal bulge as measured on the dark areas is 

6 700 ±1 200 feet (23) 

However, the maria average 100 units, or 5,700 feet lower than the 
uplands near the center of the disk and 87 units or 5,000 feet, lower at the 
limbs The average depression of the maria is thus very close to 1 mile 
As the height of the tidal bulge as measured on land and sea is the same 
within 700 feet or one part in ten, it is quite probable that the difference 
is not real and that all parts of the lunar surface arc affected by the same 
tidal bulge regardless of local irregularities. The most probable value for 
the bulge then becomes 

Ao- 0 00127±0 00010 (24) 

In linear measure this means that the lunar tidal bulge Is 

7 200 ± 600 feet (25) 

greater than the average radius In the plane of the Bky 
While the rotation of the moon was slowed originally by the friction of 
terrestrial tides formed in the lavas of the liquid body the Lunar day is 
now held equal to the month by a tidal couple acting on the great central 
protuberance 

The formulas of Appendix B may again be used to give the Bge of the 
moon when It solidified to the point at winch it could no longor adjust m 
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form as the tidal pull of the earth relaxed Ages have been computed for 
the bulges found m equations (20) and (22) and for one probable error 
either way They ore listed in Table 24 The values are lumped dosoly 
around an age of twenty five million years If the rate of recession of tho 
moon proposed by Jeffreys had been accepted the measured tidal hulga 
would have been reached earlier in the moon b history 
It seems unavoidable that the moon solidified very early in its life and 
has been of the present shape ever since If the recession from the. earth 
had been at a linear rate which is certainly far Blower than the truth tile 
age at solidification would have been about six hundred million yearn or 
after slightly over one-quarter of geologic time had elapsed 1 he length of 


TABLE 24 

Acs OF THE MOON AT SOLIDIFICATION 


LoolUod 

Ai 

DfaUou 

Tim 



nfrt 

(Unit— 10* Y m) 

L 

0 00118 

0 292 

27 

L 

00130 

283 

24 

L 

00142 

275 

22 

S 

00096 

313 

14 

S 

00117 

293 

27 

s 

0 00138 

0 277 

22 


time when the moon could alter its form to preserve an equipotential juir 
face whs certainly not over one-quarter and probably was considerably 
less than one twenty fifth of geologic time 

According to Jeffreys (100) the earth s oceans were formed early in iLh 
life as soon as the average surface temperature dropped below the Imihng 
point To judge by the rate at which the earth would cool this penod 
must be considered to be negligibly Bmall in proportion to the remainder 
of geologic time Indeed we may designate the condensation of the oceans 
as the beginning point of the geologic time sequence wc can study In 
every geologic era we find evidences of sedimentary rock and henre of 
water action This holds true sb far back as we urn go in time 1 or l he 
earliest penods the Archeozoic and Proterozoic eras the extent of Liu, 
oceans is not known In all later penodB the continents were quiLc similar 
to those at present, the oceans lay mainly in their present beds but on 
numerous occasions thrust probing fingers— the vast shallow cpeirir 
seas— feeling their wayB over the land masses 
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We have three facts to use as a starting-point in our analysis. First, 
the earth is now slowing down in its rotation at the rate of one second pei 
day per one hundred and twenty thousand years. Second, as the observed 
height of the lunar tidal bulge shows, the earth and moon were once at 
least as close together as 70,000 miles, or 0.3 of the present distance. third, 
with the present observed amount of tidal friction, modified only by the 
changes of distance and tidal pull of the moon, a very great part of geo- 
logic time must have elapsed while the moon moved out to its piescnt 
distance from 70,000 miles. 

If tidal friction averaged less in the far distant past tlian at present, the 
recession of the moon would have progressed at a slowci iatc, and yet 
the date of the freezing of the moon’s tidal bulge would have been only 
slightly later than has been suggested. This assumption implies that at 
some time in the more recent past the earth was slowed up at a faster tate 
than modern observations would allow. If the rate were faster in the first 
days of the moon, then the moon solidified even earlier in its history. 
Therefore, under any assumptions, the date at which the moon became 
rigid to the point where it ceased to adjust in shape to the reducing tidal 
pull of the earth was very far back in the past unless the tidal fi iction in 
the earth’s oceans were missing or negligibly small before the critical 
point was reached. There is no evidence that such was the case and much 
evidence to show that the earth frequently sported shallow seas and straits 
where tidal friction would logically be expected to occur. 

Consequently, there is every reason to believe that the tidal friction 
induced by the moon’s pull on the oceans of the earth has existed thi ough- 
out all geologic time much as we find it today except for changes in magni- 
tude brought about by the variations in the moon’s distance. 

The dating of the origin of the fossil tidal bulge on the moon is thus 
upheld. The exact value determined for this event is unimportant. 1 he im- 
portant point is that this milestone in the moon’s development occurred 
far back in the musty pages of Archeozoic history. If the moon were not 
born close to Roche’s limit but out near a distance 0.3 times the present 
value, the foregoing arguments are strengthened. 

It may be remarked in passing that the existence of a large fossil tidal 
bulge in the moon is strong evidence that the latter body came into being 
dose to another large mass, i.e., the earth, and therefore the moon was al- 
ways a satellite of the earth. This means that the moon was not formed as 
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on isolated body and then later was captured by the earth unless the 
capture occurred almost simultaneously with the birth 

The mana are ancient lava flows. As such they must hnvo olnycd the 
laws of liquids everywhere, and In flowing would always have followed 
downgrades except os forced by a head of liquid behind the front, pushing 
it on The lavas are distributed widely over the lunar surface and except 
In the brood portions of Oceanus Proccllarum and Marc Nublum they 
are only a few thousand feet thick, for many crater nmB extend above Lhc 
lava crust These floods do not he predominately near the limb but arc 
found In to the very center of the disk 

In short, the maria were formed by hquid lavas flowing over tin ctjui 
potential surface marred only by local irregularities The very dose ngrtt 
ment between the bulges measured on land and sea confirms this JIil 
tidal bulge, os for as the lavas were concerned, did not exist lhc maria 
were formed before the moon sohdified to the pomt of rigidity They were 
formed so early m the lunar history that only a small fraction of tho 
Archeozoic Era had passed All the Protcrosojc, Paleozoic, Mesozoic and 
Cenozoic eras were yet to come 

This observation hidden in the measures of the lunar figure by 1 mnz 
and Sounder la most revealing It must completely revolutionize the thco 
nes of the history of the moon Its importance is still more evident 
when it is realized that if the maria are so old, then the great majority of 
the craters are even older for they underlie the mana Loss than 10 per 
cent of the craters are postmare Consequently there was a very rapid 
accumulation of meteonbe matter early in the moon s career and a rapid 
toillng-off in frequency of Impacts dunng the rest of geologic time 

In the United States something less than 1 per cent of the exposed it* k 
strata are of Archeozoic age (109) How many of these layers were laid 
down early in the era is impossible to say However It Is m these few 
exposed strata that we Bhould hunt for traces of the mighty hornets of Lhc 
primitive meteorites which struck the earth at the same time the moon 
was being Bcarred for life Would such craters be recognized or recogniz- 
able after nearly 2 000,000 000 yearn of faulting meUunomhwn, 
and erosion? 

^ Throughout the remaining 99 plus per cent of the continental United 
States— presumably a similar percentage obtains elsewhere— the meteor 
ltic craters to be Bought or now known correspond to the postmarc strag 



ANCIENT HISTORY 195 

glere on the moon Even though the rate of fall decreased tremendously 
at first, the process has not stopped and some craters ore even now being 
formed on the earth, and, of course, on the moon 

It 1 b the dark lava-covercd areas of the moon which look, the smoothest 
but the scatter of the points defining the bulge is nearly twice ss great for 
the maria as for the brighter upianda. An examination of the measures in 
Table 23 shows that without exception the portions of the mana which 
lie farthest below the mean sphere are in More Nublum Oceanus Pro- 
cellar urn, and eastern Mare Imbnum, with a smaller separate group in 
Mare Serenltatm In the firnt and larger depressed area the western border 
runs north-south approximately through Eratosthenes The southern 
border Is on a line running from a little Bouth of Grimaldi to Sinus Mcdii 
This border of the deepest section of the mana is almost exactly the one 
which divides the lava flow according to two other characteristics South 
of the line arc numerous drowned craters whose runs peer up over the 
dcnBc flood North of the line very few drowned cratcra may be seen 
If the lava surface had been lower to the north originally, the flow 
would not have continued southward In all probability the lavas are 
deeper north of the line but there another factor must be called on to 
complete the picture The tremendous weight of the superimposed rocks 
caused an lsostatic compensation to occur All sections of the mana sank, 
the deepest and heaviest portions sank farthest The parts of the Bess 
which are most free of partially submerged craters are the deepest relative 
to the mean sphere Perhaps there really lb an analogy between the lunar 
and terrestrial eea basins after all 

This assumption of the presence of a pnmal lsostatic compensation in 
the moon far in the past, docB no violence to modem geophysical thought 
it ib on the contrary, a well recognized and authenticated process, and it 
would be passing strange if the sheets of molten rock had not forced the 
moon a crust downward 

E W Brown (110) whose peerless analyses of the motions of the moon 
arc world famous, noted that the southern limb coming as It docs ill the 
bright uplands is actually farther from the moon s center of mass than is 
the northern limb It is ui the north that most of the mana arc found Con 
sequcntly there ib an independent observational proof that the principle 
of isostasy applies to the moon and indeed has operated there on a vast 
scale 
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The appearance of the premare craters lying along the shores illus- 
trates the magnitude of the lsoatabc sinking of the lava flows The sides 
of the craters toward the sea are lower and some of the pita have been 
invaded by the floods 

Because certain well-defined areas of lava sank more than did other 
regions, the present relative heights of two connected lava surfaces cannot 
be used to tell the original direction of flow 

There is a still different set of observational facts which is nicety ex 
plained by isoatatic compensation In Figure 13 the four different ap 
pearance (age) classifications of the lunar craters are compared by 
plotting log diameter against log depth Craters in Class 4 are more or 
less filled with lava and hence do not enter Into this discussion but when 
the Class 2 craters are compared wi th the Class 1 craters it is found that 
the former are relatively shallower and that the difference m depth in 
creases with increasing sue of the crater The Class 1 craters arc the new 
est — most of them are postmare in age — and presumably are younger than 
the time when the moon solidified to the point at which it could no longer 
adjust its form either isostaticaJly or to the earth s varying tidal pull 
The Class 2 craters are the youngest premare pits 

When a large crater ib formed there is a sudden great relief of load on 
a circular section of the moon a crust A block many miles across and 
from 1 to 3 miles thick is lifted ou t and deposited in a circular ring around 
the hole IT the loss of load were great enough and the lunar rocks weak 
enough the bottom of the crater would rise somewhat and the rise should 
be greatest for the largest craters. 

The Class 3 pits arc the oldest of all and the effects found at the Class 
2 craters are present in exaggerated form Some of the Class 3 craters 
have been so deformed by rising floors that they have nearly lost the 
characteristic crater appearance The best example of this is Maginus 
The great Class 2 crater Clavius is another fine case The monstrous un 
named crater cast of Walter while tentatively listed in Class 4 is certainly 
a structure whose depth has been greatly changed by an isoatatic com 
pcnsation 

Scattered widely over the moon but predominately in the first three 
quadrants are hundreds of formations known as nils or clefts They arc 
divided into two classes (111) The first contains those nils which art 
broad and shallow like long flat valleys Among these arc the Hesiod us 
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cleft, Schroter’s Valley, the Ariadaeus cleft, and the Hlppahis clefts. 
Sometimes the two branches of the cleft of Hyginus are included. 

The second type contains those objects which are narrow, deep, and 
steep-sided with serrated edges. Examples are the Tricsnecker clefts and 
the Mersenius-Ramsden objects. 

The rills of both classes are cracks in the lunar crust. Probably the only 
difference between the two is that the former have been more or less com- 
pletely filled with lava. Usually it is only the largest of these open fissures 
which are in class 1. 

Pease, at the 100-inch telescope, noted that under moderate magnifica- 
tion the rills resemble deep, canal-like channels with roughly parallel 
sides, displaying occasional local irregularities and fining off to invisibil- 
ity at one or both ends. But, if they are critically scrutinized under the 
best conditions and with high powers, the apparent evenness of the edges 
disappears and it is found that the latter exhibit indentations, projections, 
and little flexures like the banks of an ordinary stream or rivulet. 

The openness of the rills marks them as places of tension in the surface 
where the weak points gave way. They normally run through surface 
features as though the latter were not present. The Hippalus clefts go for 
some hundreds of miles, splitting lava flows, mountainous masses, and 
crater walls alike. The Hyginus cleft divides the crater Hyginus into two 
nearly equal halves. The crater is not deformed; its parts have simply 
been thrust apart to the width of the cleft. In most cases, where it is 
possible to tell, the rills arc among the youngest of the lunar structures. 

If the nature of the rills is interesting, their locations are still more so. 
On Plate 15 are drawn the major rills and rill systems. It is immediately 
seen that they are not scattered at random, as are the craters, but show 
a definite systematic pattern. In the great majority of cases the rills mark 
the approximate edge of a lava flow. Phc plan is far too striking to be 
accidental. The edges of the maria were once regions of great horizontal 
tension. A second and less well-defined system of rills lies at right angles 
to the border clefts. 

Mare Nubiuni, and its appendages, Mare Vaporum and Sinus Medii, 
are well outlined. Mare Tranquillitatis, for half its circumfctence, is 
defined by clefts. Marc Sercnitatis is beautifully bounded, as is the south- 
ern, or Apennine front of Mare Ini br ium. Mare Humormn is clearly set 
off from Marc Nubium by the Hippalus clefts, the Mcrsenius clefts, and 
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others which follow the circular outline of the sea. The long Sirsalis rill is 
nearly parallel to the northeastern edge of Mare Humorum. 

Because the rills arc subsequent to the maria and yet are so clearly 
associated with their shores, some characteristic of the lava flows seems 
to have been the cause of the formation of these cracks. Probably the 
answer is to be found in the great forces involved in making the isostatic 
adjustments. Massive blocks of the crust sank, hinging on the margins 
between lava flow and upland. The rills developed in the pivotal areas. 

Many of the larger craters, particularly the lava-filled pits, contain 
clefts in the interior. Pitatus, Gassendi, Pctavius, and Arzachcl are type 
cases. These crater rills seem, on a small scale, much like the Maie 
Serenitatis system of clefts. 

Except for a few mountain ranges on the limbs which cannot be seen 
clearly enough to establish their nature, the great mountain ranges of the 
moon arc all associated with the maria, forming boideis of the circular 
seas. There is no single case of a mountain range like those known on 
earth. 

Barrell (112) writes: 

Crustal wrinkling of the earth is not flue to external cooling, as Dutton, I'ishci, 
and Chamberlain have shown. Chamberlain has given cogent reasons for holding that 
this is due indirectly to u condensation of the nucleus of the earth and that the direct 
cause may be found in the enormous pressures acting thereon due to the weight of the 
lithosphere. 'This pressure attains 45,000,000 pounds per square inch at the earth’s 
center, a depth of 3959 miles. The moon’s center, at a depth of 1081 miles, is subjected 
to only a small portion of this pressure, equivalent to that which would be found in 
the earth somewhat less than 100 miles beneath its surface. This lack of high internal 
pressures seems, therefore, to explain the absence of important linear mountain 
systems on the moon. 

The reduction in the lunar surface area as the primal tidal bulge sub- 
sided to its present dimensions was not large enough to produce a real 
mountain range of the compression-folding type known on earth. Surface 
shrinkage on cooling may even have compensated for the small compres- 
sion due to change of form. 
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The Circular Mana 

T HE normal sequence of crater changes with increasing size is well 
defined Within rather close limits equation (7) will give the apparent 
crater depth for any crater diameter up to about 80 miles How far beyond 
this point the equation holds is uncertain for there arc no larger Class 1 
craters on the moon The larger objects, Clavius Maginua Badly as well 
as many othcrB have been considerably modified since they were formed 
It is usually considered that approximately 150 miles m diameter 
marks the upper limit of crater size A dozen objects arc of that order of 
magnitude There is a amooLh decrease In numbers of craters of each 
diameter group as the diameter increases. It does not seem probable that 
this exponential decrease in frequency would suddenly cut of! at this 
diameter Instead wo would expect a few other larger craters to exist on 
the moon up to at least 300 miles in diameter 

When the face of the moon is searched carefully for those postulated 
giants, none is immediately apparent True, there are several Inrgc nearly 
circular formations but in no case is there a duplication of all the era 
ter characteristics These structures are Mare Imbnum Marc Scrcnita 
tiB Mare Humorum Mare Nectans Mare Cnsium Mare Huinboldtian 
um Sinus Indum and the great bay enclosed by the Riphacn Mountains 
and covered by the lavHs of Man; Nubuun 

Two possibilities exist Either these eight objects arc extrapolated 
versions of the normal craters as we commonly recognize them or due 
they represent entirely distinct types of lunar features If the former intci 
prctation is correct, we must be able to correlate vanouB features of the 
circular mana with similar charactei istics of the craters Such a correla 
tion means that the mode of origin of these seas is the same ns that of the 
craters and hence that all parts of their observed structures were caused 
by the inqiacls of vast meteorites one j>cr marc and resultant reacting 
processes on the moon If the Bccond choice must be made it throws 
acnous doubt on the necessity of postulating a mctcontic origin for the 
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craters. The craters, without doubt, were born in great explosions. As far 
as is known, only the metcoui tic-impact hypothesis furnishes the titanic 
amounts of energy needed. However* if it can be shown that processes 
inherent in the moon formed the mountain-bordered seas, then it is obvi- 
ous that the moon possessed internal energies vast enough to account for 
all its surface markings. 

In what ways are these eight objects like the craters, and in what ways 
do they differ? First, and foremost, both types of structure are circular, 
or nearly so. The maria are named thus bocause they have floors covered 
with lava. However, so do many of the craters, and thus the similarity is 
continued. In none of the eight great seas is there a central peak. In the 
larger craters the central peak is often found, but it is always relatively 
small; and, in each case, if the crater, such as Clavius, were filled with lava 
to the same extent as Mare Imbrium and others like it, the central peak 
would disappear. Therefore the absence of a central mountain peak does 
not argue against the essential similarity of the two sequences. The rims 
of the craters are mountainous, They are composed of jagged blocks of 
surface rocks blasted from the pit and deposited in a ring around the hole. 
The rims of these mountain-edged maria arc also raised above the surface, 
are roughly circular, and are highest on the side next to the sea. The outer 
slopes are gradual, though extremely rough, and quite comparable in ap- 
pearance to the outer walls of the larger craters. 

It is when attention is directed to the inner walls of the mountain-walled 
seas that the first discrepancy is noted. Fauth (72) showed many years 
ago that the slope of the inner walls of craters was a function of the diam- 
eter of the crater. 'The larger craters had lower slopes. For the group of 
largest craters, averaging about 90 miles in diameter, the mean inner 
slope was nearly 12°. This value would undoubtedly have to he increased 
for the highest portions of the inner wall because the latter is usually con- 
cave, hut even here the slope does not exceed 2()°-30°. 

On the contrary, the inner face of the mountainous border of each of 
the large circular maria is a fault scarp. Usually it is a nearly vertical 
drop of thousands of feet, (dearly there has been a tremendous sub- 
sidence of a nearly circular area in each case. The difference between the 
normal crater and the circular sea is contained in this observation. The 
craters are generally similar in appearance to the Mare Imbrium type 
structure, but fundamental differences exist. 
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If this were as far bb we could go id the intercomparison, we should 
certainly have to conclude that the cratera and circular seas were of differ 
ent origin However a more careful analysis shows that this schism is not 
real and that the difficulty lies in the attempt to reproduce identically 
each feature of the craters In the seas and vice versa The magnitude of 
the effort necessary to produce a mountain bordered mare far transcends 
that necessary to yield a crater A simple extrapolation will not work nor 
should we expect it to One cannot predict the structure of a Theophilus 
from the characteristics of Plaza Smyth, yet they are associated types 

Nevertheless there exist markings on the moon which clearly identify 
the great, round Bess as being the centers of explosions so mighty as to 
dwarf the crater forming blasts into insignificance 

In Mare Vaporum Is a senes of formations which has been noticeably 
avoided by early selenographers They are valleys with raised borders, 
perhaps 10 miles wide and ranging up to 50 miles in length The best ex 
ample points toward the north rim of BoscovicIl Another lies between the 
latter and Hyginus. A third is in the hinterland of the Apennines while 
several are near Julius Caesar In practically every case the valleys have 
been invaded by the lavas of Marc Vaporum and thus being nearly filled 
are found primarily by the projecting runs. Those which arc not lava filled 
are m the upland areas Northwest of Sosigenes is a groove which starts in 
the highlands and dips down beneath the Marc TranquiUitatis floods. It 
is filled by them, thus dating the senes as having been formed before 
Mare TranquiUitatis and Mare Vaporum 

Part of this group of elongated markings overlies the Hacmus Moun 
tains, the south border of Mare Serenltatis This arcuate range has been 
nearly destroyed One valley, starting not far from Aratus has completely 
wiped out the mountains as it plunges into Mare SeremtatlB but the lava 
floor of the great Bea has serenely flowed In over the valley and buried its 
western end The HaemuB Mountains mark the birth of the main structure 
of Mare Seremtatls The valley system is subsequent to thiB yet no trace 
of the valleys arc to be found on the smooth lava-covered surface of the 
sea The molten flood came considerably after Mare Seremtatis was bom 
and has covered Its floor thus obliterating any of these volleys lying 
thereon 

These valleyB do not have the characteristics of terrestrial graben or 
nft valleyB In fact their like is only to be found when a projectile 
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ricochets from the ground without exploding or when a dud shell strikes 
the earth at a low angle and gouges out a long shallow groove. 

That this explanation is the correct one may be guessed from the ap- 
pearance of these and other similar grooves. Even more important is the 
surprising orientation of the valleys, Those objects in the Mare Vaporum 
region arc almost, but not quite, parallel. They converge in a northeasterly 
direction; and, if each one is projected in the convergent direction along 
the arc of a great circle, the family of arcs intersects, not in a point, but in 
a circular area near the center of Mare Imbrium. This is the same area as 
that outlined by a ring of occasional mountains and small mountain 
ranges extending above the lava floor. This ring is well over 300 miles in 
diameter. 

The Mare Vaporum system of radial valleys is relatively close to Mare 
Imbrium. East of it and about the same distance behind the Apennines 
is an upland area surrounding Ukert. Within a 20-mile radius from this 
crater are twelve of the radial valleys. In each case, the valleys appear on 
the highest portions of the irregular surface. 

When this area is near the terminator, it can be seen that the entire 
raised zone dividing Mare Vaporum from Sinus Aestuum and extending 
to Schroter is stippled with similar markings, less well defined. Thousands 
of them point accusingly toward Marc Imbrium. The long, slightly raised 
region between Copernicus and Fra Mauro is of similar type. 

The outlines of large parts of these two areas are softened and muted; 
the color tints are changed from normal as if they had once been covered 
briefly by the molten flood which quickly withdrew before solidification. 

The radial valleys in Mare Vaporum are prelava. When the liquid came, 
it did not succeed in covering them. In other near-by lava flows the valleys 
are not found, yet immediately south and southwest of the Sinus Mcdii 
is the greatest development of the Imbrian system. 

East of Ptolemaeus are many beautiful examples. They arc sharp and 
clear cut, averaging perhaps from 2 to 3 miles broad and from 5 to 40 
miles long. Immediately west of Ilerschel is a tremendous gouge which 
may lie composite. Near Godm and I aylor are other long giooves. I he 
entire rims of Hipparchus, Ptolemaeus, Albalcgnius, and Alphonses aie 
shattered by uncounted troughs which clearly have selected the highest 
places for their appearances. 

In one of the very few references to these valleys in the literature, 
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Steavenson (21) suggested that they were due to tangential impacts of a 
Bwarm of meteorites, not realizing that they formed part of a large* sys- 
tem Only the most prominent have been pointed out Hundreds or thou 
sands can be detected more easily cither by the telescope or on good 
photographs 

In any local area these grooves arc nearly parallel but the change in 
their azimuths is clearly seen by comparing the Mare Vaporum and the 
Ptolemaic v alleys Over the entire region the markings are like the nbs 
of a fan centering near the middle of Mare Imbnura 

The lava Aowb again allow a relative dating of the sequence of events 
The radial markmgB developed after most of the craters, for the latter arc 
Benously deformed A few craters Buch as the small one 15 miles west of 
Hind, are later structures The valleys arc premare Therefore even the in 
land craters arc earlier than the seas for the most part In 1 re. Mauro and 
Bonpland covered by the lavas of Mare Nublum, we may still sec the 
outlines of nearly buned valleys radial to Marc Imbnum On the floors of 
Albatcgnius and Hipparchus arc numerous such traces Consequently the 
laVas in the great cratere now tprdcnng the major lava flows wore not 
generated by the cratcre themselves but have seeped in from the main 
flow The mechanism of this Infiltration is not clear but in oll\probabillty 
the crater walls are honeycombed with cracks and faults which would al 
low the very fluid rocks to enter The entrance to Hipparchus is visible, , 
coming from Sinus Mcdu The lava filled craters arc usually found near a 
mare but a direct visible connection 19 not ohen apparent Nevertheless 
the lavas from the seas did enter and flood the crater bottoms 


For 180° the area covered by Marc Nubium and Occanus Proccllamm 
prevents any of the vallcyB which might have liccn formal in these dircc 
tions from appearing Hcyond Marc rrigorls to the north foreshortening 
adds to the difficulties of their detection hut even here enough of the 
radial markings have been found to insure that the great fan is opened 
throughout %0° Most of these valleys lie to the northwest Several start 
near Arehytos 

Closer to the great Imhnan sea cutting nearly through the Al|>s ib the 
magnificent Alpine Valley nearly 6 miles wide at its broadest point and 
over 80 miles long It docs not touch the lavas of either Marc Imbnum 
or Marc l ngoris starting m the wildest and most jagged section of the 
mountains and fining out just before leaving the uplands A depth of 
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11,000 feet has been suggested (19) for the valley, but this is certainly an 
overestimate for most of the length and can refer only to the differential 
between valley and occasional near-by mountain. Its bottom appears to 
be flooded. 

Under certain angles of illumination 1 the entire Alpine region and north- 
ern Caucasus may be seen to be furrowed by very shallow valleys, all part 
of the same great Imbrian fan of radial markings. 

Mare Serenitatis completes the circle, hiding under a lava umbrella 
any valleys which were formed to the west. Throughout the entire 360° 
surrounding Mare Imbrium wherever the lavas flows connecting with 
Mare Imbrium have not overflowed the surface, the radial valleys are 
found. One other associated type of feature is present. East of Copernicus 
are the Carpathian Mountains sloping southward into Marc Nubium. 
These rocky masses have been carved into ridges which perhaps are the 
raised sides of valleys nearly hidden by the lava. The appearance of these 
mountains is quite different from that of the Haemus Mountains, and the 
ridges seem to be features of the mountain-forming processes, not subse- 
quent effects. They also point to the same section of Mare Imbrium as 
does the true valley system. 

All the variety of lunar surface features oriented toward the central 
area of Mare Imbrium lie beyond the escarpment and most of them 
beyond the mountains out to extreme distances of approximately 800 
miles. One possible distant member has been found. A valley cuts across 
Capclla just north of Marc Nectar is, and this dates the Marc Nectaris 
formation as probably older than Mare Imbrium, for Capclla seems to be 
younger than Mare Nectaris. 

A structure of the magnitude and type of the complete Mare Imbrium 
system is unknown on earth. If the center of this sea were placed at St, 
Louis, Chicago would be in the lava-coverecl area. The escarpment would 
nearly reach Milwaukee on the north, Wichita on the west, Cincinnati on 
the east, and Birmingham on the south. The Apennines would cover half 
of Iowa and reach to Minneapolis. The Carpathians would lie near Grand 
Rapids. The Alps and Caucasus ranges would cover most of Kansas and 
Oklahoma. The radial valleys would be found from Winnipeg to Browns- 
ville, The Capclla straggler would nearly cut across Glacier National Park 
in Montana. 

1 . Lick photograph of January 11, 1938; moon aged 10.35 days. 
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The existence of thousands of valleys all perfectly aligned with one 
am all area of the moon s surface the way the volleys prefer the higher 
land masses and the appearance of the valleys themBclves arc conclusive 
evidence that they were formed incident to Bomc tremendous happening 
near the center of Mare Imbnum This happening was an explosion so 
violent that we must associate with it the formation of the sea mountain 
border and radial markings The latter were formed by the nearly horl 
zontal ejection of thousands of masses large and small Those bodies with 
velocities less than 1 mile per second fell back to the moon and gouged out 
the radial valleys which may well be called "splash craters ' The higher 
velocity masses departed from the moon 

This syatm of valleys is simply an exaggeration of the structure sur 
rounding so many of the newer-appeanng craters such as Anstillus and 
must have been produced in the same way 

The theory that the splash craters were gouged out of the moon s face 
by low angle impacts of debris from the Imbrian explosion must stand or 
fail on the mechanical ability of Buch flying fragments to produce the 
grooves 

Experiments over the past century (113) starting with Didion at 
Metz Trance in 1834-35 and culminating with the modern knowledge of 
the penetrating powers of shells and fragments into concrete demon 
strate the sufficiency of the process (see Appcn C) Large masses of rock 
hurled from the region of Marc Imbnum and moving nearly 1 mile j>cr 
second would be able to penetrate several miles into 5 000 p s l concrete 
or perhaps somewhat less into solid granite or basalt However the 
moon s features which arc usually crossed by the radial valleys are crater 
runs and other surfaces which arc composed of fragmented and breccioted 
rock The resistance offered by such materials is many Limes less than 
solid rock although perhaps higher than would be develop'd by sand and 
gravel Experiments on a small scale indicate that a sphere of density 3 
diameter 1 mile moving 1 mile per second could jienctratc concrete to 
a depth of 4 miles would plunge 8 miles through a mixture of sand and 
gravel and considerably farther through various soils and clays ITic 
equations in Appendix C indicate n jjcnctration of 75 miles into moist 
clay 

Ihc data presented thus show that although the extrajMilation is long 
grooves of the order of size of those Been scattered over the lunar surface 
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could have been produced by the process suggested, particularly when it 
is considered that the striking body probably was not completely buried. 
A glancing blow always causes a shallow trough several times longer than 
the depth to which a similar body could penetrate upon a normal impact. 
A splash crater of this type should average considerably broader than the 
diameter of the projectile. 

So far, then, there is no presumption against the theory that the radial 
furrows were produced by colliding bodies coming in to the surface at very 
low angles. The evidence is entirely in favor of the suggestion. 

The association of all these features with Mare Imbrium implies that 
either a single action produced the entire system or the splash crateiswere 
formed later — they certainly were not pre-Imbrium. There is no evidence 
that an explosion of the requisite power occurred after the sea and its 
mountainous borders were built. Therefore it is concluded that the cntiie 
associated system of structures had a common origin in a magnificent 
explosion. 

For short distances where the moon’s curvature may be neglected, 


sin—, ( 26 ) 

R 

where R is the range, v the velocity, a the angle of projection, and g the 
gravitational acceleration. 

The average distance to which materials were thrown from a typical 
splash crater was about 6 miles. If 11= 0 miles = 32,000 loot, a — 45 , 
g = 5.4 feet per second 2 , then v = 410 feet per second. This value may be 
considered the average velocity at which the materials were gouged out 
of the splash craters. A typical splash crater is 40 miles by 5 miles by 
rjr mile. The volume displaced is nearly 4X10 17 cc. If the density of the 
lunar crust, p, equals 3, the mass is approximately 10'* gm., and the kinetic 
energy of its motion during displacement is 8X10’ 6 ergs. At least this 
amount of energy must have been applied locally to the lunar surface to 
produce a typical splash crater. 

It would take a body at least 1 mile in diameter moving 1 mile per 
second, composed of lunar rock, to plow out such a furrow, for the kinetic 
energy of such a mass would be 8X 10 M ergs. As a very rough guess it may 
be estimated that the energy released in the main Imbrian explosion was a 
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million times greater This kinetic energy would be given up by a spherical 
mass of nickel iron 10 miles in diameter striking with a velocity of nearly 
20 miles per second These crude stabs may suffice to indicate the order of 
size of the meteoritic body which could cause an explosion of the necessary 
magnitude The suggested dimensions ore not wildly different from those 
which might have been expected from the calculated sizes of the meteor 
ites which could produce the normal craters (Table 14) Some hundreds 
of asteroids are of this size or larger 

There are other features of Mare Imbnum which arc not explicable as 
Immediate results of the explosion The first of these is the aharpneas of 
the fault scarp bordering the lava The internal faces of the mountain 
ranges, and particularly the Apennines, show that a tremendous landslip 
has occurred Second surrounding probably the entire mountain ring is 
a concentric lava filled depression visible on the north aud south for a 
total of about two-thirds of its length Any acceptable hypothesis must 
account for both features, for they arc integral components of a unified 
assembly The same hypothesis must also locate the center of the explosion 
which initiated the sequence of events and account for the apparent lack 
of a yawning crater far larger than Clavuis 

Let us review the complete process Before the impact Marc Imbnum 
and all the appended lava flowB did not exist Mare Scremtatis was 
present probably not lava filled but bordered by two proud and high 
ranges, the Haem us Mountains and the Caucasus The southern section 
of Scremtatis looked much as portions of the northern half do now spotted 
with craters many of them blurred and overlapping Where Mare Im 
bnum was to come was a broad upland dotted with thousands of craters 
large and small Sinus Indum had not yet raised its massive nunjiarts to 
catch the morning sun 

Downward the meteorite plummeted from the northeast gradually 
gaining velocity Probably it did not even glow from the effects of the 
nearly absent lunar atmosphere Then it struck the surface and quickly 
disappeared beneath leaving a small shnq> hole to mark its passage lor 
only an instant however did the calm prevail for then all hell broke 
loose, soundlessly on a scale to shame the infernos dreamed of by little 
men A great section of the crust several hundreds of nnlcs across 
domed up, split rapidly and radially from the central point Surface 
layere peeled back on themselves like the opening of a gigantic flower 
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followed quickly by a stamen of dust and fragments spreading rapidly in 
all directions without the roiling turbulence imparted by an atmosphere, 
The unfolding of the initial dome had a shielding effect and thus created 
a null zone surrounding the great pit. Most of the matter lifted from the 
crater was deposited in this protected area, raising a broad and low rim of 
mountains. Higher-velocity fragments, spewed forth nearly horizontally, 
smashed great furrows into the moon’s face during the succeeding 20 
minutes, furrows radiating outward from the explosion focus, Some of 
these bodies were the ones which so nearly obliterated the Haem us Moun- 
tains, 

The activity died down, Some matter had exceeded the velocity of 
escape and was henceforth lost to the moon, Other fragments stiuck, 
ricocheted, struck again, ancl came to rest. Dust and larger blocks lained 
down on all portions of the moon. Soon all was quiet. The chasm just 
born was about 350 miles across and perhaps 6 or 7 miles deep relative to 
the curving surface. Actually it probably was slightly convex rather than 
concave, for the moon is a rather small body. 

Surrounding the crater the rim was quite unsymmetricah In the north 
its width was about 100 miles. On the face which now forms the Apennines, 
opposite the direction of approach of the meteorite, it was over twice as 
wide and correspondingly more jagged, The extreme roughness of the 
mountainous border makes it evident that its materials were emplaced 
violently. 

The first of the two major changes in the moon was the crater and its 
rim. The second was far more subtle. When the meteorite struck, not only 
did it release bountiful supplies of energy, it transmitted a tremendous 
quantity of momentum. The crust of the moon absorbed this shock; it had 
to, but when the pressure was released, a tremendous rebound followed. A 
great segment moved upward, forming a mound, which, being completely 
damped by tension fractures, became fixed as a structural dome, the 
crater was perched slightly north of center. 

This massive dome, 800 miles across, was completely surrounded by a 
ring syncline. Still farther away a weak ring anticline was raised, forming 
the outer edge of the synch tic. This is the exact pattern always found 
when elastic substances arc suddenly disturbed. 

An appreciable interval of time passed before the next stage in the 
drama unfolded. A large meteorite fell, and the crater Archimedes arose 
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to mark its passing A still larger body formed that ncar-duplicato of 
Clavius whose remains we now know as Sinus Indum Both structures 
developed on the dome 

And then the great central block of the dome nearly circular, began to 
settle Long held higher than hydrostatic pressure would permit by the 
strength of its own rocks acting os keystones the moss slipped downward 
Ring faults probably formed during the raising of the mound acted as 
slides The Apenmne section dropped a good 10,000-12 000 feet perhaps 
more The opposite face slid nearly as far Sinus Indum nplit In two one- 
half remaining on the raised rtm of the new and larger Mart Imbmim 
pit the other dropping deep Into the abyss 

As the great millstone Bank huge columns of superheated niagmn 
welled and bubbled up probably conning mainly from the ring faults Ah 
at a great reservoir the hquid filled the vast depression, buned the moon's 
greatest crater until only an indicated nng of isolated mountain iieaks 
remained to mark its run then burst Its bonds to the east anil spruul 
rapidly out to produce Mare Nubium and Occanus Procellarum North 
and Bouth the hquid sped around the mountains into the nng syne line 
where it buned many craters and splash craters On the west the gnp 
between the Caucasus and Apcnnmc ranges offered easy ingiess (o Man 
Sere m tabs whose southern floor was soon covered Beyond Lht I latinos 
Mountains the lavas raced, filling Mare Tranquillitatis Mare I nuundi 
tatiB and even stretching a ribbon into the basin centered in llu Altm 
Mountains thus bringing Marc Ncctans into l»cing (see p 214 t one c ruing 
the velocity of the lava flow) 

To the far west little isostatic compensation occurred tin (dice Im wi n 
relatively thin Mare Scrcmtatis was an ancient structure of llu Iinlinan 
type Its floor sank somewhat under the new load os the he lght measures 
of Tranz have shown The once level liquid surface now shows a deiidcel 
slope down from Mare Tranquilhtatis into Mare Strtmlalis 

To the east the main mass of the magma poured InslofMare Imlmuni 
the crust sank considerably It is even jiossihlc that the load mused so 
great an adjustment to occur relatively quickly that the caste rn meiunlmn 
border disappeared beneath the surface (accept for the s< altered I larhinge i 
peaks The steady eastward dip of the Carjiatlnans and the mountains on 
the northeast of Mare Imbnum support this view However in all ease's 
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the main isostatic adjustment was a gradual process which developed its 
main action after the lavas had frozen. 

A block of 400,000 square miles, the area of Mare Imbrium, sinking 2 
miles, must displace 800,000 cubic miles of magma, 

Lava flows cover about one-third of the visible surface of the moon to 
a depth averaging about one-half mile; judging from the protruding 
crater rims. A total volume of lava of approximately 1,000,000 cubic miles 
is indicated. The agreement is probably better than we have any right to 
expect. 

At least three separate sheets of lava spread from Mare Imbrium. The 
first was dark and highly mobile; it flowed the greatest distance. Some- 
what later a lighter-colored lava rose and painted a thin coat over western 
Mare Imbrium and all save the border of the primal flow in Mare Serenita- 
tis. From the region of Sinus Iridum another dark flow outlined the north- 
eastern quadrant of Marc Imbrium. The lost half of Sinus Iridum can be 
traced by low ridges on this lava. 

It is necessary to know whether or not the lava could remain liquid 
long enough to cover the wide expanses now called maria. If not, then 
other sources of lava than the Imbrian must be found. 

It must be postulated that the lava was extremely fluid because of the 
distance it spread and because of the confined places into which it pene- 
trated. Consequently it probably was a basic lava and very hot. Highly 
acid lavas are more viscous. Basic lavas arc usually about 10 per cent 
denser than acid lavas. Thus the isostatic changes would be augmented, 
particularly if the bright areas of the moon arc acidic in nature. 

On the airless moon there are only three methods of heat loss: radiation 
to space, conduction to the ground, and the carrying-away of energy by 
escaping gases. 

Let us assume that the lava was at 3,500° K. and the ground at 100° It., 
a difference of 3,400° It. The initial value selected is not critical except 
that the temperature must be well above the freezing-point of the lava. 
The heat conductivity of basalt, granite, and other igneous rocks is about 
0,005 c alories per second per square centimeter, and so the heat loss by 
conductivity would be 17 calories per second per square centimetei. This 
value is a very high maximum, for as the temperature gradient between 
ground and lava decreased, the rate of heat flow would decrease. 
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The moving lava could not form a crust until the main mass was nearly 
ready to solidify Portions of the upper surface might harden but the rock 
would fracture and then the blocks would be rolled into the still hot 
magma where they would be remedied, thus forming a somewhat cool or 
layer on top 

Let us assume that the radiating surface was 3 000° K hot According 
to the Stefan Boltanann Law 

(27) 

a block body at 3 000°K radiates 111 calorics per second per square 
centimeter This, too may be considered a maximum rate As a fan guess 
it may be estimated that not over 10 calories per second per square cent! 
meter could be earned away by escaping gas 

We may neglect the transfer of heat sidewise in lava sheets as large as 
these ore Therefore a maximum rate of heat loss is about 140 calorics per 
second for cadi column of lava 1 square cm in cross-section Each column 
will average about one-half mile high 

In order to cool 1 cc of rock from 3 500“ K to 1 200° K near the point 
where the viscosity Increases rapidly over 700 calories must lie lost The 
specific heat of basalt averages about 0 25 In each column at least 4 5X 
10 r calories must be lost before the lava sheet will stop rolling At tho rate 
of 140 calories per second this would take nearly four days At 15 miles per 
hour the lava front would cover 1 200 miles This seems like a reasonable 
speed, and yet it certainly ib higher than, the actual rate of flow By the 
time the upper layers had cooled to 2,000" IC the total heat loss per 
second would be 50 calorics per square centimeter while the available 
supply of heat would not have decreased in proportion Therefore the 
maximum rate of flow needed to carry the lavas to the greatest distances 
observed may have been less tlrnn 10 miles per hour All connected lava 
sheets then could have arisen from a central source in Maro Imbrlum 
It is clear that this molten rock developed from the Btill hot body of the 
moon and was not generated by tho mctcorltic explosion for the violence 
and rapidity of the latter were too great 

In chapter 2 it was shown tliat Mare Iinbnum was the most perfectly 
developed of all the Jorge mountain bordered seas as well as the greatest 
Its features arc reproduced with only local variations at other similar 
structures, although Ibc characteristics which set these maria off as dis- 
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trnct from the normal craters grow less and less well defined with decreas- 
ing mare size until the smaller seas and the largest craters are quite Bimllar 
There is no break in type with increasing size It is merely that tl\p forces 
involved became so stupendous that additional structural modifications 
became necessary at the larger objects 
Among the local variations the sizes of the valleys radiating from Mare 
Nectans are outstanding, but the relative dimensions, length and width, 
are similar to those of the Imbrian valleys. The depths of the former are 
comparable to and hence relatively shallower than, those of the latter Ab 
the penetrating power of a projectile at a given speed Is proportional to 
its diameter, the excessive size of these furrows Is not alarming One of the 
Nectans valleys goes westward for 500 miles moving across Snelllus, but 
is viBible only m disconnected sections The great projectile which pro- 
duced it touched only the high Bpots and thus again evidenced the peculiar 
mode of origin of these lunar furrowB 

Marc Seremtatis and the Mare Nectans- Altai Mountain system are 
the oldest of these strange supercratere Mare Imbrium is the youngest 
except for Sinus Indum, which is essentially a contemporary formation 
At each of the eight objects of this type the mountainous border and 
inner escarpment arc present The outer nng synclinc and suggested nng 
anticline may be found at Mare Imbrium, Marc Humorum Mare Hum 
boldtianum and Mare Crlaium The lavas of Mare Nubium would prevent 
its appearance at the Riphacn Mountains 
The radial grooves and valleys are prominent at all save Marc Scrcni 
tatis and the Riphaen structure Tlicy are most numerous and dlstmcL at 
the two largest systems and grow less well defined with decreasing mare 
size The SinuB Indum radial furrows are only slightly exaggerated ver 
aions of those found at Aristillus Because of their mountainous locations 
they do not Becm as prominent as at many of the larger craters, but they 
arc easily virnble to anything more than a casual glance 
The elevator floor is beautifully shown at Mare Imbrium It sank, so far 
that only a small section of the prelava Burface is visible above the mare 
near Archimedes At Mare Nectans the subsidence within the Altai ring 
Bufficcd only to bnng the dome down to the normal level No magma was 
displaced in this collapse The large crater FmcastonuB come into being 
after the Nectanon basin was formed The fact that it is nearly burled in 
the lava flow indicates that the flood came later and may thus be identi 
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tied as a part of the Imbrian outpouring to which it is connected At 
Mare Cnsium and Mare Humboldtianum the lavas did nae and cover the 
dropping floor In the five largest examples there is dear evidence of a 
settling, or isostatlc adjustment after the lava flows had hardened None 
of the large lava sheets is now level, even after the effects of the fossil tidal 
bulge are removed 

The age-old history of the moon is thuB a record of its birth near the 
earth and ite liquefaction and solidification amid an explosive rain of 
meteontic fragments Its face became scarred by at least a million craters 
visible from the earth and probably by billions of tiny pits The frequency 
of the impacts declined rapidly until at present such collisions ore few and 
far between 

The existence of small but authenticated meteorltlc craters on the earth 
allows a tie-in to be made between the craters on the moon and the smaller 
man made explosion pits on the earth The identification of the source of 
the lunar craters as meteontic impacts automatically follows from these 
correlations and from their visible natures. The meteontic impacts only 
fire known to be capable of furnishing the requisite amounts of energy 
Any nonmeteontlc hypothesis represents a fanciful extrapolation lieyond 
anything known on earth 

Every type of structure on the moon except two the low mounds and 
the chain craters can be easily explained as direct or indirect results of 
these collisions and explosions The domes and chain craters may well be 
mild igneous forms induced by the forces released at some of the larger 
explosions or they may be from forces inherent in the nature of the moon 
It does not matter There is no reason the dominant process should exclude 
other less important mechanisms from acting 

Not only docs the meteontic theory explain the observed physical de 
tails of the lunar surface structure it allows for a satisfactory dating of 
the time of origin of these various features on a time scale which has no 
observed Inconsistencies The random distnbution of the craters also 
Btrongly suggests a nonlunar origin, for the forces which produced the pits 

The meteontic impact theory of the origin of lunar structures is cer 
tainly sufficient to explain the observed charactenBtics It probably is 
necessary also lhc choice lies between a demonstrated process and one 
which has no basis in earthly experience 
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Other Planets 

T HE earth and moon are not alone in space. They circle around the 
sun in company with eight other planets and a sky full of comets, 
asteroids, and meteorites. There is no reason to believe that the earth and 
moon were singled out for meteoritLC bombardment in preference to the 
other bodies. Mars lies even closer to the belt of asteroids than does the 
earth, and hence its chances for asteroklal collisions would presumably 
be higher. Mercury lies closest to the sun with its great gravitational pull. 
It, too, should suffer numerous hits. The zodiacal light indicates that there 
is much finely divided matter near the sun and Mercury. All the terrestrial 
planets, at least, should be struck by extraneous masses at a rate similar 
to that of the moon and earth. 

Venus and the major planets are cloud covered and we cannot sec their 
surfaces. Pluto is too far away to examine. Only Mercury and Mars offer 
any possibility of exhibiting the effects of meteoritic bombardment. 

No planet can be seen as well through any telescope as the moon can be 
seen by the naked eye. Hence definitive answers cannot be obtained. 
Nevertheless, Mars has been extensively studied, and certain facts are 
known. The planet lias a rarefied atmosphere, but it would be a fairly 
good protection against tiny meteorites. Larger bodies would crash to the 
surface somewhat more easily than they do on earth. 

Mars has no high mountains, and therefore it probably is not plagued 
with festering volcanoes. Certain areas on the planet, known also as 
maria, are depressed a few thousand feet below the general level. These 
areas thus hear a slight resemblance to cither the lunar maria or the 
terrestrial ocean beds. They arc not water filled but do seem to vary in 
color with the Martian seasons as though they were covered with vegeta- 
tion. 

Distributed widely over both the ocher deserts and the green maria arc 
round dark spots, the oases, which conceivably could mark large craters 
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whose sunken floors would trap water vapor and hence permit a local 
vegetative covering 

Certainly nothing conclusive can be learned from Mars now A few 
features suggest a possible similarity to lunar formations, but there tho 
quest ends The distance to the red planet is too great when coupled with 
the turbulence of the terrestrial atmosphere 

With Mercury the case is slightly different It is so dose to the sun that 
it must be observed through disturbed air Daytime observation gives 
the best results Mercury has no air unlike Mars and hence polarization 
measures (11) may be made on light reflected directly from its Burfacc 
rocks They indicate a condition almost ezactly like that of the moon — 
a rough jagged rocky surface The reflection of light at different phases 
ss well as the way Mercury reflects light of different colois emphasizes tho 
similarity to the moon The surface of the moon was not rough until the 
meteorites made It so 

On Mercury the temperature range (114) Is from close to absolute zero 
on the dark side to a subsolar temperature of 683° K (770° 1 ) hot 
enough to melt lead and tin 

Antomadi and Schiaparelli (13) have each drawn faint hazy dark mark 
mgs on the tiny planet Although their maps are quite dissimilar in detail 
they ore alike in the major features 1 hrough the telescope Mercury ap- 
pears very much like a blurred version of the moon seen with the naked 
eye The dark Mcrcunan areas look much like lunar maria On both 
Mercury and the moon the dark markings are most prominent at the full 
phase Within the limits of observation Mercury seems to be a slightly cn 
larged version of the moon 

The evidence sketchy as it 1 b in most cases allows the interpretation 
that the terrestrial planets have been repeatedly struck by myriads of 
meteorites 
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Derivation of the Relationship 
between the Distance of the 
Moon and Geologic Time 


= Angular momentum of earth's rotation, 

= Angular momentum of moon’s revolution, 

= Mass of moon, 

= Linear velocity of moon in its orbit, 

=» Distance of moon in terms of its present distance, 
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therefore 


2f»/* 

13 


DT+E 


When T waa equal to 0 the month was 4 8 houra long end r was equal to 
9 000 miles or 0 0377 Therefore 


£-0 000003 

which is negligibly small When r « 1 T = 

d -ts 


and 




2, therefore 


When the assumed rate of loss of angular momentum of the earth h rn 
tation is inversely proportional to f*, the resulting equation liecomen 

2fT/»-r 
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The Lunar Tidal Bulge as a 
Function of the Moon’s Distance 


The three axes, x } y, and 3, of a homogeneous moon distorted by a tidal 
pull and centrifugal force of rotation are (100) 


a 
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where 

a = The radius of the mean equivalent lunar sphere, 
M = Tlie mass of the earth, 
m - The mass of the moon, 
r - The distance of the moon in lunar radii. 


Tlie average of the y- and 3-axes is 
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r 7.5 M f/A 
1 2 m rv 


Therefore the measured excess of the radial, a:-, axis would lie 
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To allow for nonhomogeneity, multiply the coefficient by 0.9; and to allow 
for elastic tides, multiply again by 1 — k, or 0.987. Therefore 

Aa« 0.00002943 (yj , 

where 

— The present distance of the moon, 
ri = The distance of the moon when the tidal bulge equaled Art. 
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The Penetrating Power 
of Projectiles 


The equation of motion (113) of a body of mesa m moving with veloc 
Ity, v through a medium offering a resistance, R at any instant, t is 

(Al) 


R depends on the cross-section of the projectile and the energy con 
veyed to the particles which are displaced at every instant and which is 
proportional to r* We may then express R as A>*(a + 0p*), where r is the 
radius of the body K lA a constant and a and (3 are quantities depending 
on the medium 
Equation (A 1) becomes 


dt di . Kr* . . „ t\ 

T-.-j7+-Z-( a + P v ) “° 
as dl tn 

(A 2) 

which becomes 



(A3) 

where p is the density of the body Therefore 
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(A 4) 


Suppose that the striking velocity is V After time l and distance, s 
the velocity has reduced to v Then 
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and from this 



(A 6) 


Changing to ordinary logarithms and substituting C for the constants 
t g K and $ we hnvc 
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When a — 0, 

7 » 

*=£■■£ log (l+£ F 2 ). (A-8) 

Didion carried on a series of experiments at Metz, France, in 1834-35 
with spherical artillery shot and derived the following values for the con- 
stants, In using projectiles of different sizes, C remains constant and equal 
to 156.5 if V is taken in meters per second, r in meters, and s in meters. 

The corresponding constants for concrete (5,000 p.s.i.) have been de- 
rived from modern artillery experiments against typical shielding ma- 
terials. 


Substances 

n 

ft 

Sand mixed with gravel 

435X10® 
600X1 0 3 
1,045X10® 
266X10® 
02X10® 
43.4X10° 

88 

120 

36.8 

21.7 

7.35 

40.5 

Eiu'lh mixed with sand and gravel . . 
Clayey soil 

Damp clay 

Moistened clay 

Concrete 


These “constants” probably are variables which change as functions 
of the velocity and hence should not be used for velocities above the shock- 
wave velocity. 
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The Diameters of the Meteorites 
Which Produced the Graters 

There exists a smooth correlation between the energy released by 
explosions close below the surface of the ground and the diameter of the 
resulting crater In Hgure 26 the ordinate represents the explosive energy 
expressed m terms of the logarithm of the number of calories expended 
The abscissa gives the logarithm of the diameter of each crater expressed 
in feet All craters He in soil The largest crater on which data of this type 
are known is the Hill 60 mine crater of World War I ThiB is 340 feet in 
diameter, a fair approximation to a football stadium The smallest craters 
are from tiny mortar and artillery shells The relationship between di 
ameter and depth of craters formed by explosions at the ground level is 
very Bimilar to that found for subsurface bursts but far more energy is re- 
quired to yield comparable crater dimensions According to recent navy 
experiments bomb craters in hard, striated rock are not significantly 
smaller than if they had been formed In soil Craters blasted from loose 
rock talus are nearly equal to those arising in soil 

A very small but definite bending of the curve best representing the 
observed points ib noticed Hence the extrapolation to larger craters is 
rendered Bomcwhat uncertain The boufcc of this curvature probably is to 
be found in the need for an increase in average fragment velocity with 
increase m crater dimensions However the energy necessary to produce 
the Ansona meteorite crater appears to be about 7 9 X 10 11 calories or 
3 3 X 10 st ergs Wylie s data in Table 9 chapter 7, correspond to 2 2 X 
10 u calorics or 9 4 X 10“ ergs The difference is a factor of 2 8 in energy 
or 1 4 in metcontic radius The indicated solution would thus reduce the 
radii deduced by Wylie by a factor of 1 4 Wylie s value for the energy 
does not he outside the limits of accuracy of the present solution (plus 
three probable errors) 

A still greater extrapolation gives possible figures for the energy neces- 
sary to produce craters 1 20 40, 60 and 80 miles m diameter The 
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energies needed are, respectively, 7,4 X 10 21 ergs, 1.0 X 10 2fl ergs, 1.1 X 
10 27 ergs, 4.4 X 10 27 ergs, and l.S X 10 28 ergs. If an impact velocity of 
10 miles per second is assumed, these energies would be carried !>y 
spheres of nickel iron 39, 900, 2,100, 3,200, and 4,800 feet in diameter, 
respectively. These results have been listed in Table 14, chapter 8, where 
they compare favorably with the diameters derived from an assumed con- 
stant ratio between volume of material displaced and meteoritie volume, 
The correct order of size seems to be assured by the agreement between 
these two methods of attack. 
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Gilbert’s meteoritic, 63, 64 
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Isostasy, 195, 1%, 199, 212, 213, 216 

Laws (mi? also Rules) 
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216 

Mare Humoruni, 38, 45, 46, 197, 199, 200, 
215 

Mare Imbrium, 32, 37-47, 156, 163, 195, 
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Mare Tramjui Hi Intis, 35, 42, 47, 197, 202, 
212 

Mare Vnporrtni, 41, 42, 197, 202, 203, 205 
Oceanus Proccllarum, 39 -41, 47, 156, 194, 

195, 205, 212 
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Moon 

age, 37, 185, 191—193, 219, 220 

age o f features, 185, 191, 193, 194, 205, 216 

atmosphere, 12, 13, 54, 56, 164-177, 210 

birth, 11, 180, 193, 194, 216 

changes, 8, 9, 54 

density, 11, 184 

diameter, 3, 4 

distance to, 3, 4, 62, 179-182, 184, 185, 192, 
193, 219-221 
domes, 59, 61, 153, 216 
future, 180 
gravity, 171 

heights on, 5, 6, 7, 186, 187 
irradiation, 29 
libra t ion, 5, 8, 185 
maps, 5, 6, 8, 9, 15-21 
mass, 5, 221 
motion, 1, 3, 4, 7, 9 
orbit, 3, 4, 219 
parallax, 4 

polarization, 12, 13, 22 

reflection, 11, 12 

rotation, 3, 6, 183, 191 

secular acceleration, 9, 178 

shape, 2, 6-8, 183-186, 190, 191, 193, 221 

strength of lunar rocks, 184 

sulphur, 22 

surface, 2, 3, 5, 7, 8, 1.1-14, 22, 23, 27, 114 
temperature of atmosphere, 172, 176, 177 
tempera Lures, 10, 13, 14, 22, 54 
tidal bulge, 6, 7, 62, 180, 181, 183-186, 188, 
190, 191, 193, 194, 199, 216, 221 
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Alps, 32, 39, 42, 205,207 . 

Altai, 38, 43,45, 212, 215 
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203, 207, 210-212 
Cape Hera cl ides, 40 
Cape Laplace, 40 
Carpathian, 39, 207, 212 
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causes, 62, 63, 199 
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Harbinger, 39, 212 
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Pi ton, 40 

Promontory Achcrusia, 47 
Promontory Aenarium 36 
Pyrenees, 42 
Kiphaeti, 38, 200, 215 
Straight Range, 40 
Taurus, 46 
Tunc rifle, 40 


Planetoids; see Asteroids 

Planets 

earth, 1, 3, 12, 95 
density, 11 
diameter, 3, 4 

length of day, 9, 11, 178-181, 193, 219- 
220 

changes in length of day, 178-180, 182, 
183 193 

rotation, 9, 11, 178-180, 182, 193, 220 
vibration period, 11, 180 
earth’s atmosphere 
composition, 166, 167, 172 
density, 165, 167, 169-171 
height, 166 

temperatures, 165-167, 177 
Jupiter, 3 

Mars, 2, 3, 95, 217, 218 
Atmosphere, 217 
surface, 217, 218 
Mercury, 3, 12, 13, 217, 218 
atmosphere, 218 
surface, 218 
temperature, 218 
Pluto, 217 
satellites, 7 
Saturn, 3 

Venus, 3, 12, 13, 95, 217 

Polarization of light by 
Mcrcurv, 13 
Moon, 12, 13, 22 
Vesta, 13 

Precession of the equinoxes, 178 

Projectiles, penetrating power of, 208, 209, 
215,222, 223 

Rays, 9, 30-32, 34, 35, 53, 54, U>0, 161, 163 
around bomb craters, 162 
distribution of ray craters, 156, 158, 159 
Nasmyth and Carpenter theory, 163 
nature, 160, 161, 163, 164 
ray craters, 31, 32, 34, 158-160, 164 
rock flour, 70, 73, 163, 164 
saline efflorescence theory, 161 
visibility, 161 
volcanic theory, 161 

Repose, angle of, 11, 53, 117 

Rills, or clefts, 8, 37, 38, 45, 196, 197, 199 
age, 199 

Ariadaeus cleft, 197 
distribution, 38, 197, 198 
Hcsiodus cleft, 38, 196 
Hippnlus clefts, 197 
Hyginus cleft, 197 
Mer senius clefts, 197 
nature, 38, 196, 197 
Ramadan clefts, 46, 197 
Sirsulis rill, 199 
Tricsnccker clefts, 197 

Roche’s limit, 11, 179, 180, 193 

Rock Hour, 70, 73, 163, 164 


Nebular hypothesis, 7 
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Rules (see also Laws) 

Ebert’s, 115, 116, 127, 131 
MacDonald's, 124, 128, 133, 134 
Schroter’s, 61, 114, 115, 136 

San Francisco Mountains, 68 
Saros period, 1 

Secular acceleration of moon, 9, 178 
Secular acceleration of sun, 178 
Silica glass, 70, 76, 78, 80-82, 85, 89, 90 
Sun, 2, 3, 13, 95, 170, 178, 217 

Terrestrial mountains, causes of, 63, 199 
Tides and tidal friction, 6, 9, 11, 178-180, 
182-185, 191-193, 221 

Valleys, lunar 
Alpine, 42, 205, 207 
Crisium, 45 
graben, 32, 202 
Humboldtianum, 46 
Humorum, 46 

I ml mum, 40-42, 64, 202-205, 207, 208, 215 
I ridu m, 40, 46, 215 
Nec laris, 43, 44, 215 


radial grooves, 31, 32, 34, 35, 41, 53 
Rheila, 43, 44 
S cluster's, 197 
splash craters, 208, 209 
Visibility of mcteorilic explosion on moon, 
175 

Volcanic structures 
Aconcagua, 146 
Band ai- San, 146 
blowholes, 37 

calderas of collapse, 49, 50, 109, 127, 145, 
146 

diameter vs. depth, 145 
cones, 50, 147, 150, 151, 153 
Crater Lake, 50, 147 
distribution of, on earth, 37, 158 
Etna, 53 
Kilauca, 55 
Krakatau, 166 

laccoliths, 58, 59, 61, 89, 109, 153 
Manna Lon, 153 
Tamboro, 49 
Vesuvius, 146 

volcanoes, 9, 22, 69, 145-147, 153, 158 
Zodiacal light, 217 
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